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INTRODUCTION 

The  insulin-like  growth  factor  I  (IGF-I)  receptor  (IGF-IR)  is  a  ubiquitous 
multifunctional  tyrosine  kinase.  The  IGF-IR  regulates  normal  breast  development;  however, 
hyperactivation  of  the  same  receptor  has  been  implicated  in  breast  cancer  (1).  In  particular, 
overexpression  of  either  the  IGF-IR  or  its  major  signaling  substrate  IRS-1  in  estrogen  receptor 
(ER)-positive  breast  tumors  has  been  linked  with  cancer  recurrence  at  the  primary  site. 
Furthermore,  high  circulating  levels  of  IGF-I  (an  IGF-IR  ligand)  have  been  associated  with 
increased  breast  cancer  risk  in  premenopausal  women  (1). 

Although  current  evidence  suggests  that  abnormal  activation  of  the  IGF-IR  may 
contribute  to  the  autonomous  growth  and  increased  survival  of  primary  ER-positive  breast 
tumors,  the  function  of  this  receptor  in  breast  cancer  metastasis  is  not  clear.  For  instance,  some 
small  clinical  studies  demonstrated  a  correlation  between  IGF-IR  expression  in  node-positive 
tumors  and  worse  prognosis.  Other  data  linked  IGF-IR  expression  with  better  clinical  outcome, 
as  the  IGF-IR  was  predominantly  expressed  in  a  subset  of  breast  tumors  with  good  prognostic 
characteristics  (1).  In  the  experimental  setting,  anti-IGF-IR  strategies  were  successfully  applied 
to  inhibit  the  growth  and  spread  of  human  breast  cancer  xenografts,  which  implicated  the  IGF- 
IR  in  metastasis  (1).  Thus,  understanding  whether  hyperactivation  of  the  IGF-IR  is  a  factor 
promoting  breast  cancer  metastasis  is  of  great  importance. 

Our  previous  data  demonstrated  that  overexpressed  IGF-IRs  not  only  promote  breast 
cancer  cells  growth,  but  also  activate  aggregation  and  prolong  survival  of  detached  cells  (2). 
This  process  was  blocked  with  a  specific  antibody  against  E-cadherin  (E-cad) — a  major  cell¬ 
cell  adhesion  protein  expressed  by  epithelial  cells,  suggesting  that  the  E-cad  complex  mediates 
IGF-IR  effects.  The  molecular  mechanism  of  IGF-I-induced  E-cad-dependent  adhesion  and  the 
significance  in  the  process  of  metastasis  have  been  unknown.  Consequently,  our  goal  was  to 
study  the  effects  of  IGF-I  on  the  expression  of  E-cad  and  E-cad-associated  proteins,  to 
determine  the  interactions  of  the  IGF-IR  with  these  adhesion  proteins,  and  to  evaluate  the 
importance  of  the  IGF-IR/E-cad  interactions  in  metastasis  in  vivo.  In  parallel,  we  addressed  the 
function  of  the  IGF-IR  in  metastatic  breast  cancer  cells  that  have  lost  E-cad  expression. 

TECHNICAL  REPORT 

During  this  reporting  performance  period  (Year  2)  we  continued  the  projects  initiated  in  Year 
1 .  The  research  proceeded  according  to  the  SOW. 

Project  I:  IGF-IR  interactions  with  the  E-cad  complex. 

The  proposal  was  based  on  our  previous  observation  that  MCF-7  breast  cancer  cells 
overexpressing  the  IGF-IR  exhibit  increased  aggregation  in  3-dimensional  (3-D)  culture.  Our 
results  in  Year  1  implicated  that  IGF-IR-induced  adhesion  is  mediated  through  the  E-cad 
complex.  We  studied  whether  overexpression  of  the  IGF-IR  in  MCF-7  cells  can  modulate  the 
levels  of  E-cad  and  associated  adhesion  proteins.  We  found  that  the  levels  of  E-cad,  alpha-,  and 
beta-catenin  were  not  affected  by  IGF-IR  overexpression.  However,  the  levels  of  ZO-1,  a 
scaffolding  protein  linking  E-cadherin  through  alpha-catenin  to  the  actin  cytoskeleton  (3,  4), 
were  significantly  increased  in  cells  overexpressing  the  IGF-IR  (MCF-7/IGF-IR  clones  17,  15, 
and  12)  (Fig.  2,  .Mauro  et  al,  Appendix).  Subsequent  experiments  demonstrated  that  ZO-1 
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mRNA  was  overexpressed  in  MCF-7/IGF-IR  cells  relative  to  MCF-7  cells  /Fig.  4,  Mauro  et 
al,.  Appendix).  The  analysis  of  interactions  of  the  IGF-IR  with  adhesion  proteins  revealed  that 
the  IGF-IR  co-precipitates  with  E-cadherin  and  ZO-1  (Fig.  5,  Mauro  et  al, Appendix).  The 
amounts  of  the  IGF-IR  found  in  E-cad  and  ZO-1  immunoprecipitates  were  greater  in  IGF-IR 
overexpressing  cells  (Fig.  5,  Mauro  et  al.  Appendix).  IGF-IR  and  ZO-1  also  associated  with 
alpha-catenin,  with  greater  amounts  of  these  complexes  found  in  MCF-7/IGF-IR  cells  (Fig.  5, 
Mauro  et  al,  Appendix).  In  addition,  we  noted  greater  binding  of  ZO-1  to  actin  in  MCF-7/IGF- 
IR  cells  (Fig.  5,  Mauro  et  al.  Appendix).  This  all  suggested  that  the  mechanism  by  which  the 
IGF-IR  stimulates  adhesion  depends  on  ZO-1  (Fig.  6,  Mauro  et  al.  Appendix). 

In  Year  2,  we  confirmed  that  the  E-cad  complex  is  necessary  to  mediate  cell-cell 
adhesion  induced  by  the  IGF-IR.  Using  MDA-MB-231  E-cad-negative  cells,  we  created  cell 
line  overexpressing  the  IGF-IR,  MDA-MB-231 /IGF-IR  cells.  In  MDA-MB-231 /IGF-IR  cells, 
high  levels  of  the  IGF-IR  did  not  stimulate  aggregation,  whereas  similar  expression  of  the  IGF- 
IR  in  MCF-7  E-cad  positive  cells  induced  adhesion.  However,  when  E-cad  was  re-expressed  in 
MDA-MB-231 /IGF-IR  cells,  cell-cell  adhesion  was  restored  (Fig.  1,  Mauro  et  al.  Appendix). 

To  confirm  our  previous  observation  that  ZO-1  expression  is  necessary  for  cell-cell 
adhesion  induced  by  the  IGF-IR,  we  employed  anti-ZO-1  antisense  strategy.  We  developed 
anti-ZO-1  antisense  RNA  construct  and  subsequently  we  created,  by  stable  transfection,  MCF- 
7/IGF-IR/anti-ZO-l  cell  lines.  In  these  clones,  the  levels  of  ZO-1  were  downregulated,  whereas 
the  expressions  of  E-cad  and  IGF-IR  were  unchanged.  The  lower  levels  of  ZO-1  in  MCF- 
7/IGF-IR/antti-ZO-l  cells  coincided  with  reduced  cell-cell  adhesion  (Fig.7,  Mauro  et  al, 
Appendix). 

We  also  addressed  the  role  of  IGF-IR  tyrosine  kinase  activity  in  the  regulation  of  cell¬ 
cell  adhesion.  We  developed  MCF-7  cells  expressing  dominant-negative  kinase  "dead"  IGF-IR 
by  stable  transfection.  The  IGF-IR  signaling  was  inhibited  in  these  cells  and  this  inhibition  was 
paralleled  by  decreased  cell-cell  adhesion  and  lower  basal  expression  of  ZO-1.  To  avoid  clonal 
variability  problem,  the  "dead"  IGF-IR  was  also  expressed  in  MCF-7  cells  by  efficient  transient 
transfection  with  Fugene  6.  The  results  obtained  with  the  individual  clones  were  confirmed 
using  the  mixed  population  of  transfected  cells  (Fig.  3,  Mauro  et  al.  Appendix). 

All  above  data  and  technology  are  described  in  detail  in  the  manuscript  by  Mauro,  L., 
Bartucci,  M.,  Morelli,  C.,  Ando',  S.,  and  Surmacz,  E.  IGF-I  receptor-induced  cell-cell  adhesion 
of  MCF-7  breast  cancer  cells  requires  the  expression  of  a  junction  protein  ZO-1,  in  revision,  J. 
Biol.  Chem.  (Appendix). 

The  IGF-IR/E-cad  interaction  in  vivo.  We  obtained  preliminary  data  on  the  metastatic 
potential  of  MCF-7/IGF-IR  cells.  It  is  well  established  that  MCF-7  cells  injected  directly  into 
circulation  produce  radiographically  detectable  osteolytic/osteosclerotic  bone  metastasis  in  10- 
15  weeks  (5).  In  collaboration  with  Dr.  T.  Yoneda  (University  of  Texas,  San  Antonio),  we 
obtained  data  suggesting  that  overexpression  of  IGF-IR  in  MCF-7  cells  significantly  attenuated 
(~  10-fold)  their  ability  to  metastasize  to  bone.  Specifically,  MCF-7  cells  and  MCF-7/IGF-IR 
clone  15  (5x10^  cells)  were  inoculated  into  the  left  cardiac  ventricle  in  4-week  old  female  nude 
mice.  15  weeks  after  the  inoculation,  the  mice  were  sacrificed  and  bone  metastases  were 
analyzed  by  X-ray.  MCF-7  cells  produced  0.576  (SE  0.116)  mm^  bone  metastases,  whereas 
MCF-7/IGF-IR  produced  0.0522  (SE  0.0331)  mm^  metastases.  These  results  confirm  our 
observations  in  vitro  and  indicate  that  IGF-IR  may  play  a  negative  role  in  the  dissemination  of 
breast  cells. 
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Project  II:  IGF-IR  function  in  E-cadherin-negative  cells. 

Using  MDA-MB-231  cells,  a  well-described  metastatic  cell  line  lacking  E-cad 
expression,  we  generated  several  clones  expressing  different  levels  of  the  IGF-IR  (Year  1  of 
this  projectjfF/g.  1,  Bartucci  et  al,  Appendix).  IGF-IR  overexpression  in  E-cad  negative  cells 
did  not  stimulate  cell-cell  adhesion  (see  above).  We  asked,  therefore,  what  is  the  function  of 
the  IGF-IR  in  these  cells.  We  found  that  IGF-I  was  not  a  mitogen  or  a  survival  factor  for  these 
ER-negative  metastatic  cells,  whereas  the  same  factor  exerted  growth-promoting  and  anti- 
apoptotic  action  in  ER-positive  MCF-7  cells  (Tab.  1  and  Fig.  2  and  3,  Bartucci  et  al., 
Appendix).  Notably,  the  lack  of  growth-related  properties  of  IGF-I  in  MDA-MB-231  cells  was 
evident  in  all  clones  derived  from  this  cell  line,  regardless  of  IGF-IR  expression  levels.  To 
investigate  why  the  IGF-IR  was  not  inducing  mitogenic  signals  in  MDA-MB-231  cells,  we 
studied  IGF-IR  activation  and  intracellular  signaling.  We  focused  on  two  IGF-IR  pathways 
known  to  control  growth  and  survival  of  ER-positive  breast  cancer  cells,  namely  IGF-IR/IRS- 
l/PI-3K/Akt  and  MAPK  pathways  (1).  We  found  that  in  MDA-MB-231  cells,  the  IGF-IR/IRS- 
1  signal  was  normal,  however  the  cells  were  not  able  to  sustain  the  downstream  PI-3K/Akt 
activation.  We  hypothesized  that  this  feature  may  contribute  to  the  lack  of  mitogenic/survival 
response  to  IGF  in  metastatic  cells  (Fig.  4,  5, and  6,  Bartucci  et  al,  Appendix). 

Considering  that  the  IGF-IR  was  not  mitogenic  in  ER-negative  cells,  we  asked  whether 
this  receptor  could  transmit  other  signals  critical  for  tumor  progression.  We  focused  on  growth- 
unrelated  functions  such  as  adhesion  and  migration.  We  found  that  unlike  with  growth  and 
survival,  the  IGF-IR  was  able  to  induce  migration  in  MDA-MB-231  cells  and  MDA-MB- 
231 /IGF-IR  clones.  The  induction  of  migration  was  proportional  to  the  levels  of  the  IGF-IR 
(Tab. 3,  Bartucci  et  al.  Appendix).  The  manuscript  describing  these  findings  was  submitted  in 
August  2000. 

In  Year  2,  we  performed  several  experiments  requested  by  the  reviewers  of  the 
submitted  manuscript  to  better  delineate  the  pathways  by  which  IGF-I  stimulates  cell 
migration.  The  experiments  with  specific  inhibitors  suggested  that  IGF-I-induced  migration 
was  transmitted  through  p38  kinase  and  PI-3  kinase  pathways  and  inhibited  by  ERKl/2  MAP 
kinases  (T ab.  4,  Bartucci  et  al,  Appendix).  In  a  control  experiment,  we  demonstrated  that  the 
compounds  used  indeed  blocked  IGF-I  signal  transmission  through  the  target  pathways  (Fig.  7, 
Bartucci  et  al.  Appendix). 

To  ascertain  that  kinase  inhibitors  blocked  only  cell  migration  without  affecting  cell 
growth  or  survival,  we  studied  the  cells  at  4,  8,  12,  and  24  h  of  the  treatment.  At  these  time 
points,  the  inhibitors  of  ERKl/2  and  p38  did  not  affect  cell  growth/survival,  but  the  inhibitor  of 
PI-3K  reduced  cell  number  at  24h.  Therefore  the  treatment  with  the  PI-3K  inhibitor  was  carried 
out  for  12h,  when  no  effects  on  cell  growth/survival  were  noted,  but  the  migration  was  blocked. 
(Tab.4 ,  Bartucci  etal,  Appendix). 

We  also  performed  control  experiments  in  which  cell  lines  transfected  with  the  empty 
vectors  were  studied.  These  experiments  were  done  to  ascertain  that  the  observed  differences  in 
MDA-MB-231 /IGF-IR  and  MCF-7/IGF-IR  cells  were  due  to  the  expression  of  the  transfected 
IGF-IR  and  not  a  result  of  a  clonal  variation.  (Fig.  2,  and  3,  and  Tab3,  Bartucci  et  al. 
Appendix). 
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Key  Research  Accomplishments: 

•  Demonstrated  that  the  activation  or  overexpression  of  the  IGF-IR  induces  cell-cell  adhesion 
in  E-cad-positive  but  not  in  E-cad-negative  cells.  IGF-IR-mediated  cell-cell  adhesion  in  E- 
cad-positive  cells  requires  tyrosine  kinase  activity  of  the  IGF-IR  and  depends  on  cellular 
expression  of  a  junction  protein,  ZO-1. 

•  Demonstrated,  using  intracardiac  injection  model,  that  overexpression  of  the  IGF-IR 
reduces  metastatic  potential  of  E-cad-positive  cells  tested  in  vivo. 

•  Demonstrated  that  activation  of  the  IGF-IR  in  E-cadherin-negative  ZO- 1 -negative  MDA- 
MB-23 1  cells  does  not  induce  cell-cell  adhesion,  but  it  regulates  cell  migration  through  p38 
kinase  and  PI-3K  pathways. 

Reportable  Outcomes: 

1.  Manuscripts,  abstracts  and  scientific  presentations: 

Manuscripts: 

1.  Bartucci,  M.,  Morelli,  C.,  Mauro,  L.,  Ando',  S.,  Surmacz,  E.  Differential  insulin-like  growth 
factor  I  receptor  signaling  and  function  in  estrogen  receptor  (ER)-positive  MCF-7  and  ER- 
negative  MDA-MB-23 1  breast  cancer  cells.  Cancer  Research  61 :  2001 . 

2.  Mauro,  L.,  Bartucci,  M.,  Morelli,  C.,  Ando',  S.,  Surmacz.  E.  IGF-I  receptor-induced  cell-cell 
adhesion  of  MCF-7  breast  cancer  cells  requires  the  expression  of  a  junction  protein  ZO-1,  in 
revision,  J.  Biol.  Chem. 

Abstracts  (Oral  Presentations): 

Salerno,  M.,  Mauro,  L.,  Panno,  M.  L.,  Belizzi,  D.,  Sisci,  D.,  Miglietta,  A.,  Surmacz,  E.,  Ando', 
S.  Estradiol  enhance  IRS-1  gene  expression  and  amplifies  insulin  signaling  in  ER-positive 
breast  cancer  cells.  The  Endocrine  Society  83'^'^  Annual  Meeting.  Denver,  Co,  June  20-23, 
2001. 

Invited  Talks: 

Surmacz.  E.  Is  IGF-IR  involved  in  breast  cancer?  Oncology  Group  Meeting.  Thomas  Jefferson 
University,  Philadelphia,  Pa,  June  28,  2001. 

Surmacz,  E.  Differential  IGF-I  signaling  in  ER-positive  and  ER-negative  breast  cancer  cells. 
Department  of  Radiology.  University  of  Pennsylvania,  Philadelphia,  PA,  May  16,  2001. 
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Surmacz,  E.  IGF  signaling  in  ER-negative  breast  cancer  cells.  Postgraduate  School  in 
Molecular  Pathology.  University  of  Calabria,  Italy,  May  11, 2001. 

Surmacz.  E.  IGF-I  receptor/estrogen  receptor  cross-talk  in  breast  cancer.  Postgraduate  School 
in  Molecular  Pathology.  University  of  Calabria,  Italy,  May  10,  2001. 

Surmacz.  E.  Differential  IGF-I  receptor  signaling  in  ER-positive  and  ER-negative  breast  caneer 
cells.  Kimmel  cancer  Center,  Staff  Seminar  Series,  Philadelphia,  PA,  April  9,  2001. 

Surmacz.  E.  Differential  IGF-I  receptor  signaling  in  ER-positive  and  ER-negative  breast  cancer 
cells.  Temple  University,  Center  for  Neurovirology  and  Tumor  Biology,  Philadelphia,  PA, 

April  5,  2001. 

Surmacz.  E.  Role  of  the  E-cadherin  complex  in  breast  cancer  cell  adhesion.  Philadelphia 
Cadherin  Club  Meeting.  Lankenau  Cancer  Research  Center,  Wynnewood,  PA,  March  1, 2001. 

Surmacz.  E.  Differential  IGF-IR  function  in  ER-positive  and  ER-negative  breast  eancer  cells. 
Astra  Zeneca,  Macclesfield,  U.K.,  September  18,  2000. 

Surmacz.  E.  Evolution  of  IGF-IR  signaling  during  breast  cancer  progression.  "IGFs  and 
Cancer"  International  Symposium,  Halle,  Germany,  September  14-17,  2000. 

2.  Patents  and  licenses:  None 
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Conclusions 

The  IGF-IR  regulates  cell-cell  adhesion  in  ER-positive  cells.  The  mechanism  of  this 
phenomenon  requires  tyrosine  kinase  activity  of  the  IGF-IR  and  involves  overexpression  of  a 
junction  protein — ZO-1 . 

The  IGF-IR  has  different  functions  in  E-cad-negative  cells,  where  it  does  not  induee  cell-cell 
adhesion,  but  stimulates  cell  migration. 
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ABSTRACT 

Fnl  The  insulin-Uke  growth  factor  I  receptor  (IGF-IR)  is  a  ubiquitous  and 

Pii2  multifunctional  tyrosine  kinase  that  has  been  implicated  in  breast  cancer 
developmenL  In  estrogen  receptor  (ER)-positive  breast  tumors,  the  levels 
of  the  IGF-IR  and  its  substrate,  insulin-receptor  substrate  1  (IRS-1),  are 
often  elevated,  and  these  characteristics  have  been  linked  with  increased 
radioresistance  and  cancer  recurrence.  In  vitroj  activation  of  the  IGF-IR/ 
mS-l  pathway  in  ER-positive  cells  improves  growth  and  counteracts 
apoptosis  induced  by  anticancer  treatments.  The  function  of  the  IGF-IR  in 
hormone-independent  breast  cancer  is  not  clear.  ER-negative  breast  can¬ 
cer  cells  often  express  low  levels  of  the  IGF-IR  and  fail  to  respond  to  IGF-I 
with  mitogenesis.  On  the  other  hand,  anti-IGF-IR  strategies  effectively 
reduced  metastatic  potential  of  different  ER-negative  cell  lines,  suggesting 
a  role  of  this  receptor  in  late  stages  of  the  disease. 

Here  we  examined  IGF-IR  signaling  and  ftmetion  In  ER-negative 
MDA-MB-231  breast  cancer  cells  and  their  IGF-IR-overexpressing  deriv¬ 
atives.  We  demonstrated  that  IGF-I  acts  as  a  chemoattractant  for  these 
cells.  The  extent  of  IGF-I-induced  migration  reflected  IGF-IR  levels  and 
required  the  activation  of  phospLatidylinositol  3-kinase  (PI-3K)  and  p38 
kinases.  The  same  pathways  promoted  IGF-I-dependent  motility  in  ER- 
positive  MCF-7  cells.  In  contrast  with  the  positive  effects  on  ceU  migra¬ 
tion,  IGF-I  was  unable  to  stimulate  growth  or  improve  survival  in  MDA- 
MB-231  cells,  whereas  it  induced  mitogenic  and  antiapoptotic  effects  in 
MCF-7  cells.  Moreover,  IGF-I  partially  restored  growth  in  ER-positive 
cells  treated  with  PI-3K  and  ERK1/ERK2  inhibitors,  whereas  it  had  no 
protective  effects  in  ER-negative  cells.  The  impaired  IGF-I  growth  re¬ 
sponse  of  ER-negative  cells  was  not  caused  by  a  low  IGF-IR  expression, 
defective  IGF-IR  tyrosine  phosphorylation,  or  improper  tyrosine  phos¬ 
phorylation  of  IRS-1.  Also,  the  acute  (15-niin)  IGF-I  activation  of  PI-3  and 
Akt  kinases  was  gimilar  in  ER-negative  and  ER-positive  cells.  However,  a 
chronic  (2-day)  IGF-I  exposure  induced  the  PI-3K/Akt  pathway  only  in 
MCF-7  cells.  The  reactivation  of  this  pathway  in  ER-negative  ceils  by 
overexpression  of  constitutively  active  Akt  mutants  was  not  sufficient  to 
signiflcantly  improve  proliferation  or  survival  (with  or  without  IGF-I), 
which  indicated  that  other  pathways  are  also  required  to  support  these 
functions. 

Our  results  suggest  that  in  breast  cancer  cells,  IGF-IR  can  control 
nonmitogenic  processes  regardless  of  the  ER  status,  whereas  IGF-IR 
growth-related  functions  may  depend  on  ER  expression. 

INTRODUCTION 

Ri3  The  IGF-IR^  is  a  ubiquitous,  transmembrane  tyrosine  kinase  that 

has  been  implicated  in  different  growth-related  and  growth-unrelated 
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pTocesses  critical  for  the  development  and  progression  of  malignant 
tumors,  such  as  proliferation,  survival,  and  anchorage-independent 
growth,  as  well  as  ceU  adhesion,  migration,  and  invasion  (1,  2). 

The  IGF-IR  is  necessary  for  normal  breast  biology,  but  recent 
clinical  and  experimental  data  strongly  suggest  that  the  same  receptor 
is  involved  in  the  development  of  breast  cancer  (1,  3).  The  IGF-IR  is 
overexpressed  (up  to  14-fold)  in  ER-positive  breast  cancer  cells 
compared  with  its  levels  in  normal  epithelial  cells  (1,  4,  5).  The 
elevated  expression  and  hyperactivation  of  the  IGF-IR  has  been  linked 
with  increased  radioresistance  and  cancer  recurrence  at  the  primary 
site  (4).  Similarly,  high  levels  of  IRS-1,  a  major  signaling  molecule  of 
the  IGF-IR,  correlated  with  tumor  size  and  shorter  disease-free  sur¬ 
vival  in  ER-positive  tumors  (6,  7). 

IGF-IR  ligands,  IGF-I  and  IGF-II,  are  strong  mitogens  for  many 
hormone-dependent  breast  cancer  cell  lines  and  have  been  found  in 
the  epithelial  and/or  stromal  component  of  breast  tumors  (1).  Impor¬ 
tantly,  higher  levels  of  circulating  IGF-I  predict  increased  breast 
cancer  risk  in  premenopausal  women  (8).  In  vitrOy  activation  of  the 
IGF-IR,  especially  the  IGF-IR/IRS-1/PI-3K  pathway  in  ER-positive 
breast  cancer  ceils,  counteracts  apoptosis  induced  by  different  anti¬ 
cancer  treatments  or  low  concentrations  of  hormones  (1,  9-11).  On 
the  other  hand,  overcxprcssion  of  either  the  IGF-IR  or  IRS-1  in 
ER-positive  breast  cancer  cells  improves  responsiveness  to  IGF  and, 
in  consequence,  results  in  estrogen-independent  proliferation  (1,  12, 
13).  In  agreement  with  these  observations,  blockade  of  IGF-IR  activ¬ 
ity  with  various  reagents  targeting  the  IGF-IR  or  its  signaling  through 
IRS-1/PI-3K  reduced  the  growth  of  breast  cancer  cells  in  vitro  and/or 
in  vivo  (1,  12,  14-17). 

The  requirement  for  the  IGF-IR/IRS-1  pathway  for  growth  and 
survival  appears  to  be  a  characteristic  of  ER-positive,  more  differen¬ 
tiated,  breast  cancer  cells.  By  contrast,  ER-negative  tumors  and  cell 
lines,  often  exhibiting  less  differentiated,  mesenchymal  phenotypes, 
express  low  levels  of  the  IGF-IR  and  often  decreased  levels  of  IRS- 1 
(1,  17, 18).  Notably,  these  cells  do  not  respond  to  IGF-I  with  growth 
(1,  19-22).  Despite  the  lack  of  IGF-I  mitogenic  response,  the  meta¬ 
static  potential  of  ER-negative  breast  cancer  cells  can  be  effectively 
inhibited  by  different  compounds  targeting  the  IGF-IR.  For  instance, 
blockade  of  the  IGF-IR  in  MDA-MB-231  cells  by  an  anti-IGF-IR 
antibody  reduced  migration  in  vitro  and  tumorigenesis  in  vivo,  and 
expression  of  a  soluble  IGF-IR  in  MDA-MB-435  cells  inhibited 
adhesion  on  the  extracellular  matrix  and  impaired  metastasis  in  am- 
mals  (14,  16,  23).  These  observations  suggested  that  in  ER-negative 
cells,  some  fimetions  of  the  IGF-IR  must  be  critical  for  metastatic  cell 
spread.  Here  we  addressed  the  possibility  that  in  ER-negative  cells, 
the  IGF-IR  selectively  promotes  growth-unrelated  processes,  such  as 
migration  and  invasion,  but  is  not  engaged  in  the  transmission  of 
growth  and  survival  signals.  Using  ER-negative  MDA-MB-231  breast 
cancer  cells,  we  studied  IGF-I-dependent  pathways  involved  in  mi¬ 
gration  and  the  defects  in  IGF  mitogenic  signal.  For  comparison, 
relevant  IGF-I  responses  were  analyzed  in  ER-positive  MCF-7  ceils. 


to!  3-kinasc;  ERK.  extracellular  signal-regulaicd  kinase:  GSK.  glycogen  synthase  kinase, 
MEK,  MAPK  kinase:  PRF-SFM.  phenol  red-free  serum-free  medium. 
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MATERIALS  AND  METHODS 

Plasmids.  The  pcDNA3-IGF-rR  expression  plasmid  encoding  the  wild- 
type  IGF-IR  under  the  cytomegalovirus  promoter  was  described  before  (13). 
The  expression  plasmids  encoding  constitutive! y  active  forms  of  Akt  kinxse. 
U.,  myristylated  Akt  and  Akt  with  an  activating  point  mutation  (Akt/E40K). 
were  obtained  fiom  Drs.  P.  Tsichlis  and  T.  Chan  (Kimmel  Cancer  Center)  and 
were  described  before  (24).  The  Akt  plasmids  contain  the  HA-tag.  allowing  tor 
easy  identification  of  Akt-transfected  cells.  The  pCMS-EGFP  expression  vec- 
tor  encoding  GFP  was  purchased  from  Clonicch, 

Cell  Lines.  MDA-MB-23I  cells  were  obtained  from  American  Type  Cul- 
ture  Collection.  MDA-MB-231/1GF  IR  clones  were  generated  by  stable  trans¬ 
fection  of  MDA-MB-23I  cells  with  the  plasmid  pcDNA3-IGF-IR  using  a 
standard  calcium  phosphate  precipitate  procedure  (13).  Transfectants  resistant 
to  1  mg/ml  G418  were  screened  for  IGF-IR  expression  by  fluorescence- 
assisted  ceU  sotting  analysis  using  an  anti-lGF-lR  mouse  raAb  ( 10 

ug/ml;  Calbiochem)  and  a  fluorescein-conjugated  goal  antimouse  IgGZ  (I 
ae/ml;  Calbiochem).  Cells  sunned  with  the  secondary  antibody  alone  were 
used  as  a  control.  Additionally,  the  parental  MDA-MB-231  cells  and  MCF-7/ 
IGF-m  clones  12  and  15  (13),  all  expressing  known  levels  of  the  IGF-ER,  were 
analyzed  in  parallel.  IGF-IR  expression  in  MDA-MB-213-derived  clones  was 
then  confirmed  by  WB  with  specific  antibodies  (listed  below).  In  growth  and 
migration  experiments,  we  used  control  MCF-7/pc2  and  MDA-MB-23I/5  M 
cell  lines,  which  have  been  developed  by  transfection  of  MCF-7  and  MDA- 
MB-231  cells  with  the  pcDNA3  vector.  MCF-7,  MCF-7/pc2,  and  MCF-7/ 
IGF-IR  cells  were  described  in  detail  previously  (13). 

Transient  Transfection.  Seventy  %  confluent  cultures  of  MDA-MB-231 
and  MCF-7  cells  were  transiently  cotransfected  with  an  AJet  expression  plas¬ 
mid  and  a  plasmid  pCMS  encoding  GFP  (Akt:GFP  ratio,  20:1)  using  Fugene 
6  (Roche).  Transfection  was  carried  out  for  6  h  in  phenol  red-free  DMEM 
containing  0.5  mg/ml  BSA,  1  FeSO^,  and  2  mM  L-glutamine  (referred  to  as 
PRF-SFM;  Ref.  13);  the  optimal  DNA:Fugene  6  ratio  was  I  ^Ag:3  ;iJ.  Upon 
transfection,  the  cells  were  shifted  to  fresh  PRF-SFM,  and  the  expression  of 
total  and  active  Akt  kinase  at  0  (media  shift).  2,  and  4  days  was  assessed  by 
WB  with  specific  antibodies  (see  below).  In  parallel,  the  efficiency  of  trans¬ 
fection  was  evaluated  by  scoring  GFP-positive  cells.  In  all  experiments,  at  least 
40%  of  transfected  cells  expressed  GFP,  which  indicated  a  high  transfection 
efficiency.  In  addition,  the  expression  of  Akt  plasmids  was  monitored  by 
measuring  the  ceUular  levels  of  HA-tag  and  Akt  proteins  by  WB. 

CeU  Culture.  MDA-MB-231  and  MCP-7  cells  were  grown  in  DMEM:F12 
(1:1)  containing  5%  CS.  MDA-MB-231-  and  MCF-7-derived  clones  overex¬ 
pressing  the  IGF-IR  or  expressing  vector  alone  were  maintained  in  DMEM: 
F12  plus  5%  CS  plus  200  G418.  In  the  experiments  requiring  17^- 

estradioi-  and  serum-free  conditions,  the  cells  were  cultured  in  PRF-SFM  (13). 

Growth  Curves,  To  analyze  the  growth  in  serum-containing  medium,  the 
cells  were  plated  in  six-well  plates  in  DMEM: FI  2  (1:1)  containing  5%  CS  at 
a  concentration  of  1.5-2.0  X  10^  cells/plate;  the  number  of  ceUs  was  then 
assessed  by  direct  counting  at  1.  2,  and  4  days  after  plating.  To  study 
IGF-I-dependent  proliferation,  the  cells  were  plated  in  six-well  plates  in  the 
growth  medium  as  above.  The  following  day  (day  0),  the  cells  at  -50% 
confluence  were  shifted  to  PRF-SFM  containing  20  ng/ml  IGF-I.  CeU  number 
was  detennined  at  days  I,  2,  and  4. 

Apoptosis  Assay.  The  cells  grown  on  covers  lips  in  normal  growth  medium 
were  shifted  to  PRF-SFM  at  70%  confluence  and  then  cultured  in  the  presence 
or  absence  of  20  ng/ml  IGF-I  for  0,  12,  24,  48,  and  96  h.  Afwptosis  in  the 
cultures  was  determined  with  the  In  Situ  Cell  Death  Detection  kit.  Fluorescein 
(Roche),  following  the  manufacturer’s  instructions.  The  cells  containing  DNA 
strand  breaks  were  stained  with  fluorescein-dUTP  and  detected  by  fluores¬ 
cence  microscopy.  Cells  that  detached  during  the  experiment  were  spun  on 
glass  slides  using  cytospin  and  processed  as  above.  Apoptotic  index  (the 
percentage  of  apoptotic  cells/total  cell  number  in  a  sample  field)  was  deter¬ 
mined  for  adherent  and  floating  cell  populations,  and  the  indices  were  com- 

bined.  ^ 

Immunoprecipitation  and  Western  Blotting.  Seventy  %  cultures  were 
shifted  to  PRF-SFM  for  24  h  and  then  stimulated  with  20  ng/ml  IGF-I  for  1 5 
min,  1  h,  1  day,  or  2  days.  Proteins  were  obtained  by  lysing  the  cells  in  a  butfer 
composed  of  50  m.M  HEPES  (pH  7.5),  150  m.M  1%  Triton  ^  him 

MgCU,  I  m.M  CaCT.  him  EGTA.  10%  glycerin,  0.2  mM 
phenylmeihylsulforu  i  nuc-ntiv.  aproiinin  The  IGF  IR  v'.as  mi. 


precjpitaiea  from  5(X)  fig  of  protein  lysate  with  anti-IGF-lR  mAb  (  ^ 

chem)  and  subsequealy  detected  by  WB  with  anti-IGF-lR 
Biotcchnolocy).  IRS-l.  was  precipitated  from  500  fig  of  lys^e  wi  “ 
pAb  (UBI)  and  deteerd  by  WB  using  the  same  antibody, 
rylat.on  (PY)  of  immunoprecipitated  IRS-1  or  IGF-IR  was  assessed  by 
wiih  anti  pho^photyrosine  mAb  PY20  (Transduction  _ 

ERK1/ERK2.  and  p38  MAPKs  (active  and  total),  and  active  GSK-3  \^erc 
mcoNured  by  WB  in  50  fig  of  whole  cell  lysates  with  appropriate  annt^ics 
from  .New  En eland  Biolabs.  The  expression  of  HA-tag  was  probed  by  WB  in 
50  fi^  of  protein  lysatt  with  anii-HA  mAb  (Babco).  The  intensity  of  bands 
represcntim:  relevant  proteins  was  measured  by  laser  densitometry  scanning. 

I  RS-l -associated  H-3K  Activity.  PI-3K  activity  was  determined  in  vitro. 
as  desenbed  by  us  before  (25).  Briefly.  70%  cultures  were  synchronized  in 
PRF-SFM  for  24  h  aid  then  stimulated  with  20  ng  of  IGF-I  for  15  min  or  2 
days.  Untreated  cells  were  used  as  controls.  KS-l  was  precipitated  from  500 
pig  of  cell  Ivsaies:  KS-l  IPs  were  then  incubated  in  the  presence  of  inositol 
and  ('-PIATP  for  30  min  at  room  temperature.  The  products  of  the  kinase 
reaction  were  analyasd  by  TLC  using  TLC  plates  (Eastman  Kodak).  Radio¬ 
active  spots  rcpreseMing  PI-3P  were  visualized  by  autoradiography,  quantified 
K.,  (iftTfRO  ScaB  XL.  Phaimacia),  and  then  excised  from 


the  plates  and  counioi  in  a  beta  counter. 

Motility  zVssay.  Chemotaxis  and  chemokinesis  were  tested  in  modified 
Bovden  chambers  containing  porous  (8-nun),  polycarbonate  membranw.  The 
membranes  were  not  coated  with  exnaceUular  matrix.  Briefly,  2  X  10*  cells 
(synchronized  in  PRF-SFM  for  24  h)  were  suspended  in  200  pU  of  PRF-SFM 
and  plated  into  uppa  wells.  Lower  wells  contained  500  /il  of  PRF-SFM.  To 
studv  chemotaxis.  IGF-I  (20  ng/ml)  was  added  to  lower  weUs  only;  to  assess 
chemokinesis.  IGFT  was  placed  in  either  upper  wells  only,  or  m  both  wells. 
After  ■’4  h  the  cells  in  the  upper  wells  were  removed,  whereas  the  ceUs  that 
migrated  to  the  Iowa  wefls  were  fixed  and  stained  in  Coomassie  Blue  solution 
(0.25  g  of  Coomassie  blue;45  ml  waten45  ml  methanohlO  ml  glacial  acetic 
acid)  for  5  min.  Aftathat.  the  chambers  were  washed  three  times  with  H^O. 
The  cclK  that  migra*d  to  the  lower  wells  were  counted  under  the  microscope 
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Inhibitors  of  PI-K  and  MAPK.  LY294002  (Bioraol  Research  Labs)  was 
used  to  vpccifically  inhibit  PI-3K  (27).  U0126  (Calbiochem),  a  speafic 
inhibitor  of  MEKl/2.  was  used  to  block  ERKl  and  ERK2  kinases  (28).  and 
SB2O35S0  (Calbioctem)  was  used  to  down-regulate  p38  MAPK  (29).  To 
determine  opamal  concentrations  of  the  compounds,  different  doses  (1-100 
puM)  of  the  inhibitoB  were  tested  in  cells  treated  for  1,  8,  12,  and  24  h  in 
PRF  .SFM.  .Additiooally,  the  efficacy  of  all  inhibitors  in  blocking  the  phos- 
phorv  lation  of  relevant  downstream  targets  (Akt,  ERK1/ERK2.  and  p38  ki¬ 
nases)  was  dcicrmiiBd  by  WB.  In  this  experiment,  the  cells  were  stimulated 
with  IGF  1  (20  ng/ni>for  15  min.  LY294002  and  U0126  were  supplemented 
simultaneously  with  IGF-I,  whereas  SB203580  was  added  30  min  before  IGF-I 
treatment.  Ultimaielr,  for  both  growth  and  migration  experiments.  LY294002 
was  used  at  the  concentration  50  piM,  U0126  at  5  piM,  and  SB203580  at  10  pi.vi. 
At  these  doses,  the  iihibitois  did  not  affect  cell  proUferation  and  survival  at 
24  h.  with  the  cxemytion  of  LY294002,  which  inhibited  (by  20%)  the  prolif- 
eraii.’n  ot  MCF-7/1GF-IR  clone  12  in  PRF-SFM.  A  shorter  treatment  (12  h) 
with  I  'i'29-t002  hi4  no  impact  on  the  growth  and  survival  of  the  cells 
(evaluated  bv  ceU  proUferation  and  In  Sim  CeU  Death  Detection  assays,  as 
desenbed  above).  Ibis,  the  effects  of  LY294002  on  migration  were  assessed 
at  12  h.  whereas  the  actions  of  U0126  and  SB203580  were  assessed  at  24  h  of 
treatment. 


:SULTS 

HDA-MB-231/IGF-IR  Cells.  To  study  growth-related  and 
iwth-unrelated  effects  of  IGF-I  in  ER-negative  ceUs  breast  cancer 
Is.  we  used  the  MDA-MB-231  ceU  line.  These  cells  express  low 
cIs  of  the  IGF-IR  and  do  not  respond  to  IGF-1  with  growth  (19- 22). 
:ausc  it  has  been  established  that  mitogenic  response  to  IGF-I 
uircs  a  threshold  level  of  the  IGF-IR  (e.g..  m  NIH  3T3-like 
robhrsts.  -1.5  X  10*  IGF-IRs;  Refs.  30.  31).  our  first  goal  was  to 
t  whether  increasing  IGF-IR  expression  would  induce  IGF-I- 

'.'hdent  crowth  in  MDA-MB-231  cells.  To  *  !R 

•  :'mes  overexpressing  the  IGF-IR  (MDA-.MB-231/lGr.IR 
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cells)  were  generated  by  stable  transfection,  and  the  receptor  content 
was  analyzed  by  binding  assay,  fluorescence-assisted  cell  sorting 
analysis  (data  not  shown),  and  WB  (Fig.  1).  determined  that 
MDA-MB-231  clones  2,  21,  and  31  express  approximately  3  X  10  . 
1.5  X  10'*,  and  2.5  x  10^  IGF-IRs/ccIl.  respectively,  whereas  the 
parental  MDA-MB-231  cells  express  approximately  7  X  10  IGF- 
IRs/ceU  (19).  For  comparison.  ~6  x  10"  IGF-IRs  were  found  in 
ER-positive  MCF-7  cells  (Fig.  1:  Ref.  13). 

IGF-IR  Overexpression  Does  Not  Enhance  the  Growth  of 
MDA-MB-231/IGF-1R  Cells  in  Serum-containing  Medium.  The 
analysis  of  growth  profiles  of  different  MDA-MB-231/IGF-IR  clones 
indicated  that  overexpression  of  the  IGF-IR  never  improved  basd 
proliferation  in  normal  growth  medium,  and  in  the  case  ^  clone  31, 
which  expressed  the  highest  IGF-IR  content  (~2.5  X  l(f  IGF-IRs/ 
cell),  an  evident  growth  retardation  at  days  2  and  4  (P  <  0.05)  w^ 
observed  (Fig.  2A).  In  contrast,  similar  overexpression  of  the  IGF4R 
in  ER-positive  MCF-7  cells  significantly  augmented  proliferation 
(Fig.  2B).  The  growth  of  control  clones  MDA-MB-231/5  M  and 
MCF-7/pc2  was  comparable  with  that  of  the  corresponding  parental 
cell  lines  (Rg.  2). 

IGF-IR  Overexpression  Does  Not  Promote  IGF-I-dependent 
Growth  or  Survival  of  MDA.MB-321  CeUs.  Subsequent  studies 
established  that  increasing  the  levels  of  the  IGF-IR  from  7X10  up 
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Fig.  1.  MDA-MB-231/IGF-rR  clones.  MDA-MB-231/IGF-IR  ceUs  were  generated  by 
stable  transfection  with  an  IGF-IR  expression  vector,  as  desenbed  in  -^atenals  and 
Methods.”  In  several  G418-resistant  clones,  the  expression  of  the  IGF-IR  protein  was 
tested  in  50  ag  of  total  protein  lysate  by  WB  with  anti-/3  subunit  IGF-IR  pAb  (Santa  Cruz 
Biotechnology).  For  comparison,  MCF-7  cells  and  M(i!F-7/IGF-IR  clone  15  with  known 
levels  of  IGF-IR  (6  X  ICT*  and  3  x  10*,  respectively;  Ref.  13)  are  shown.  Low  levels  of 
IGF-IR  in  MDA-MD-231  cells  (~7  x  lO'^  rcceptors/cell)  arc  not  well  visible  in  this  blot 
but  were  detectable  in  its  phosphorylated  form  by  IP  and  WB  in  500  of  protein  lysates 

(seeFig.4A).  The  estimated  expression  of  the  IGF-IR  in  clones  2, 21,  and  31  is  1.5  x  ICr. 

3  X  10^,  and  X  10*  recepiors/ceil,  respectively. 


A 
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Fig.  2.  Effect  of  IGF-IR  overexpression  on  the  growth  of  ER-negative  and  ER-posttive 
cells  in  serum-containing  medium.  MDA-MB-231  cells.  MDA-MB-231 /IGF-IR  clones  2. 
21.  and  31  (A),  and  their  ER-positive  counterparts.  MCF-7  cells  and  MCF-7/IGF-IR. 
clones  ER  12  and  15  (fl),  were  plated  in  DMEM:F12  plus  57c  CS.  The  cells  were  counted 
at  50%  confluence  (dav  0)  and  at  subsequent  days  1.  2,  and  4,  Control  clones  MDA-MB- 
231/5  M  and  MCF-7/pc2  expressing  the  pcD\.\.'<  vector  alone  were  used  as  controls  (  A 
and  B).  The  results  arc  a\cr:ices  trnm  three  expenments  Bars.  SO. 


B 


l-ig  3  lGF-!-dcpcndent  growth  and  survival  of  ER-negative  and  ER-positive  breast 
racer  cells.  LR-negaave  (A)  and  ER-positive  (B)  cells  were  synchronized  in  PRF-SFM 
treated  vruh  IGF-l.  as  described  in  “Materials  and  Methods.”  The  cells  were  counted 
days  0.  1.2,  and  4  of  creatmenL  The  results  are  averages  from  at  least  three  experiments, 
jrs’  SD. 


Table  1  l.ffn  n  nf  IGF- 1  on  apoptosis  in  ER-negative  and  ER-posixive  cells 
\poptosis  ^..ls  ^tudlcd  in  MDA-MB-231  cells,  MDA -MB -23 1 /IGF-IR  ^l, 

:cr-7  ceil.s.  and  MCT-T/IGF-IR  clone  11  The  cells  were  cultured  for  48  h  in  PRF-SFM, 
Id  the  apopiouc  index  (%  apoptotic  ccUs/total  cell  ni^ber  in  the  field)  was  deiemned 
terminal  deox>-nucleotidy!  transferase- mediated  nick  end  labeling,  as  desenbed  m 
Maicnais  and  .Methods.*’  The  results  arc  averages  from  at  least  three  experiments:  SDs 


r  eiven.  .  . 

Apoptosis  (%) 

Ceil  bne 

SFM 

SFM  +  IGF-I 

MDA  .MH-231 

MD.VMB  :31/1GF-IR 

MCT  7 

MC'l  -“'IGF-IR 

41.4  ±  3.0 

50.1  i  4  .1 
14.5+0.2 

10.1  ±  1.3 

46.0  ±  1.9 

53.3  ±  4.2 

4.2  ±  0.1 

Z8  ±  0.1 

)  2.5  X  10^  was  not  sufficient  to  induce  IGF-I-dependent  growth 
.-sponsc  m  .MDA-MB-231  ceUs.  In  fact,  similar  to  the  parental  and 
lDA-.\1B-231/5  M  cells,  all  MDA-MB-231 /IGF-IR  clones  were  pro- 
rcssivcly  dying  in  PRF-SFM  with  or  without  20  ng/ml  IGF-I  (Fig. 

1).  In  .ill  [iR-negative  cell  lines,  the  rate  of  cell  death  was  sigmfi-  F3 
.intly  increased  at  days  2  and  4  of  the  experiment.  Notably,  at  these 
uer  time  points.  MDA-MB-231/IGF-IR  clone  31  was  dying  faster  in 
1C  presence  of  IGF-I  than  in  PRF-SFM  and  more  rapidly  than  the 
arcnial  cells  (Fig.  3A  and  data  not  shown).  Conversely,  in  ER- 
ositis  c  cells,  (he  stimulation  of  the  IGF-IR  always  induced  proUfer- 
aon.  In  addition,  at  later  time  points,  especially  at  day  4,  the  growth 
lie  in  IGF-I  was  significantly  (P  <  0.05)  increased  in  MCF-7/IGF-IR  aQ:  d 
eils  rclatiN  c  to  that  in  MCF-7  or  MCF-7/pc2  cells  (Rg.  3B). 

The  an;ilvsis  of  the  antiapoptotic  effects  of  IGF-I  in  the  above  cell 
nes  cultured  for  48  h  under  PRF-SFM  indicated  that  IGF-I  reduced 
aoptosis.  bv  ~3-fold,  in  ER-positive  cells,  but  it  was  totally  ineffec- 
vc  in  MD.\-MB-231  and  MDA-MB-231/IGF-IR  ceUs  (Table  1).  Ti 

IGF-IR  Signaling  in  MDA-MB-231  and  1VIDA-MB-231/IGF-IR 
ells.  Next,  we  investigated  molecular  basis  underlying  the  lack  of 
3F-I  erowth  response  in  ER-negative  cells.  IGF-I  signaling  was 
•adied^  in  MDA-MB-231  cells.  MDA-MB-231,  clone  31.  and  m 
erallel.  in  ER-positive  MCF-7  and  MCF-7/IGF-IR  cells.  The  exper- 
nents  focused  on  IGF-IR  tyrosine  kinase  activity  and  several  pos- 
:ccptor  signaling  pathways  that  are  known  to  control  the  gro^h  ant^ 
srsival  of  ER-positive  breast  cancer  cells  (and  many  other  ce 
-^cs).  t.c..  the  IRS-1/PI-3K.  Akt.  and  ERK1/ERK2  pathways  (I.  17. 

-  m.'di.  We  also  analyzed  other  IGF-I  effectors  that  have  een 
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shown  to  contribute  to  nonmitogcnic  responses  in  ER-positive  breast 
cancer  cells,  such  as  p38  kinase  and  SHC  (10.  26.  35). 

Because  both  acute  and  chronic  effects  of  growth  factors  are 
important  for  biological  response  (36),  we  studied  IGF-IR  signaling  at 
different  times  after  stimulation:  15  min.  1  h.  2  days,  and  4  days.  In 
both  ER-positive  and  ER-negativc  cell  types.  IGF-I  signaling  seen  at 
15  min  was  identical  to  that  at  1  h.  whereas  IGF-I  response  at  2  days 
F4  was  similar  to  that  at  4  days.  Thus.  Fig.  4  demonstrates  the  represent¬ 

ative  results  obtained  with  cells  stimulated  for  15  min  and  2  days. 

In  MDA-MB-231  and  MDA-.MB-231/1GF-1R  cells.  IGF-IR  and  its 
major  substrate,  IRS-1,  were  tyrosine  phosphorylated  at  both  time 
points  in  a  manner  roughly  reflecting  the  receptor  levels.  The  activa¬ 
tion  of  both  molecules  was  stronger  just  after  stimulation  and  weaker 
at  2  days  of  the  treatment  (Fig.  4A).  Analogous  IGF-I  effKts  were 
seen  in  MCF-7  cells  and  their  IGF-IR-overexpressing  derivatives  (Fig. 
4fl).  A  basal  level  of  IGF-IR  and  IRS-1  tyrosine  phosphorylation  was 
observed  in  cells  expressing  high  receptor  levels.  This  effect  most 
likely  can  be  attributed  to  the  autocrine  stimulation  of  the  IGF-IR  by 
IGF-I-like  factors  (12). 

One  of  the  major  growth/survival  pathways  initiated  at  IRS-l  is  the 
PI-3K  pathway  (32.  37).  The  repeated  measurements  of  IRS-l-asso- 
ciated  PI-3K  activity  in  vitro  demonstrated  that  at  15  min  after  lGF-1 
addition,  PI-3K  activity  was  similar  in  both  cell  types,  but  at  2  days, 
in  MDA-MB-231  and  MDA-MB-231/1GF-IR  cells,  IGF-1  did  not 
stimulate  PI-3K  through  IRS- 1 ,  or  induced  it  very  weakly,  whereas  in 
MCF-7  and  MCF-7/IGF-1R  cells,  a  significant  level  of  PI-3K  activa- 

F5  tion  was  observed  (Fig.  5). 

The  in  vitro  activity  of  P1-3K  was  reflected  by  the  stimulation  of  its 
downstream  effector,  Akt  kinase.  At  15  min,  Akt  was  up-regulated  in 
response  to  IGF-I  an  all  cell  lines,  but  at  2  days,  no  effects  of  lGF-1 
were  seen  in  MDA-MB-23 1  and  MDA-MB-23 1/IGF-IR  cells, 
whereas  up-regulation  of  Akt  was  still  evident  in  MCF-7  and  MCF- 
7/IGF-IR  cells  (Fig.  4,  C  and  D).  Akt  is  known  to  phosphorylate  (on 
Ser-9)  and  down-regulate  GSK-3P  (23, 32,  34).  We  found  that  in  both 
cell  types,  the  phosphorylation  of  GSK-3/3  reflected  the  dynamics  of 
Akt  activity,  with  no  induction  of  phosphorylation  observed  at  2  days 
in  ER-negative  cells  (Fig.  4(7)  and  IGF-I-stimulated  phosphorylation 


m  .MCr-T  and  .MCF-7/IGF-IR  ceUs  (by  40  and  120%,  respectively; 

Rg.  -/)). 

Another  IGF-IR  grovrth/survival  pathway  involves  ERKl  and 
ERK2  kinases  ( 1, 36, 38).  This  pathway  was  strongly  up-regulated  at 
15  min  and  weakly  induced  at  2  days  in  MCF-7  and  MCF-7/IGF-IR 
ceils.  In  .\1DA-.MB-231  and  MDA-MB-23 lAGF-IR  cells,  the  basal 
aaivaiion  of  ERKl/2  kinases  was  always  high,  and  the  addition  of 
IGF-I  only  minimally  (10-20%)  induced  the  enzymes  at  15  min.  with 
no  ei  fects  seen  at  2  days  (Fig.  4,  E  and  F). 

p38.  a  stress-induced  MAPK  and  a  known  mediator  of  nongrowth 
responses  in  breast  cancer  cells  (35),  was  strongly  stimulated  by  IGF-I 
in  ER-negative  cells  at  15  min  (Fig.  4£).  By  contrast,  in  ER-positive 
cells,  the  enzyme  was  much  stronger  when  induced  at  2  days  than  at 
15  min  (Fig.  dF).  The  stimulation  of  SHC,  a  substrate  of  the  IGF-IR 
involved  in  migration  and  growth  in  ER-positive  cells  (10,  26),  was 
weak  in  all  cell  types,  and  no  differences  in  the  activation  patterns 
were  observed  (data  not  shown). 

Reactivation  of  Akt  Kinase  In  MDA-MB-231  Cells.  Previous 
results  indicated  that  MDA-MB-231  and  MDA-MB-23 1/IGF-IR  cells 
are  unable  to  sustain  IGF-I-dependent  activation  of  the  PI-3K/Akt 
survival  pathw  ay  when  cultured  in  the  absence  of  senim  for  2-4  days. 
Consequently,  we  tested  whether  ceU  death  under  PRF-SFM  condi¬ 
tions  can  be  reversed  by  a  forced  overexpression  of  the  Akt  kinase. 
Two  difi'erent  expression  plasmids  encoding  constitutively  active 
forms  of  Akt.  .\tyr-Akt,  and  Akt/E40K  (24)  were  transiently  trans¬ 
fected  into  MDA-MB-231  cells.  The  efficiency  of  transfection  was  at 
least  40'7  (hv  scoring  GFP-positive  cells);  correspondingly,  the  trans¬ 
fected  cells  expressed  elevated  (by  -40%)  levels  of  the  Akt  protein 
and  exhibited  enhanced  Akt  phosphorylation  (Fig.  6A).  The  improved  F6 
biolomcal  .ictnity  of  Akt  in  the  transfected  cells  was  indicated  by 
down-regulation  of  the  prolonged  ERKl/2  stimulation  (39. 40),  which 
was  noticcanie  at  day  2  (data  not  shown)  and  most  pronounced  at  day 
4  (-50  .ind  40%  for  Myr-Akt  and  Akt/E40K,  respectively;  Fig.  6S) 

The  expression  of  constitutively  active  Akt  mutants  was  reflected  by 
a  tendency  of  MDA-MB-231  cells  to  survive  better  at  2  days  after 
transfection  (at  the  time  of  the  greatest  Akt  activity),  but  the  differ- 
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Rg.  4.  IGF-I  signaling  in  ER-negative  and  ER-positive  breast  cancer  cells.  TTie  activation  of  ICFIMRS.  I  Moating  ^  ^ 
and  Methods."  Representative  a-sults  of  at  least  three  repeats  are  shown.  Note  decreased  IRS-l  e.snte.M.-n  tn  .  ,r.m  IGF-I  treamiem  m  ER-pos.nve 
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Fig.  5.  IGF-I-induced  PI-3K  activirv  in  ER-necative  and  ER-positive  cells.  MDA-MB- 
231  cells,  MDA-MB-23 1/IGF- IR  clone  31.  MCF-7  cells,  and  MCF-7/IGF-IR  clone  12 
were  synchronized  in  PRF-SFM  and  treated  with  IGF-I  for  15  min  or  2  days.  IRS- 1-bound 
PI-3K  activity  was  measured  in  vitro  in  IRS- 1  IPs  as  described  in  “Materials  and 
Methods.”  The  experiments  were  repeated  three  umes  for  ER-positive  cells  and  five  times 
for  ER-negative  cells.  Bars,  SD.  *.  statistically  significant  differences  between  untreated 
and  IGF-I-treatcd  cells. 


ences  did  not  reach  statistical  significance  (P  >  0.05;  Fig.  6C  and  data 
not  shown). 

Inhibition  of  IGF-IR  Signaling  Pathways.  To  complement  the 
above  studies,  we  examined  the  importance  of  the  PI-3K,  ERKl/ 
ERK2,  and  p38  kinase  pathways  in  IGF-I-dependent  growth  and 
survival  of  ER-positive  and  ER-negative  breast  cancer  cells  using 
specific  inhibitors  (27-29).  The  efficacy  of  PI-3K  and  ERK1/ERK2 
inhibitors  was  first  tested  by  establishing  their  effects  on  the  activity 
of  target  proteins  (Fig.  7).  Table  2  demonstrates  the  impact  of  the 
compounds  on  cell  growth/survival  at  2  days  of  treatment.  The  inhi¬ 
bition  of  PI-3K  with  LY294()02  reduced  the  growth  of  MCF-7  and 
MCF-7/IGF-IR  cells,  but  it  did  not  influence  or  had  only  minimal 
effects  on  MDA-MB-231  and  MDA-MB-231/IGF-IR  cells.  Further¬ 
more,  the  action  of  LY294002  was  counteracted  by  IGF-I  in  ER- 
positive,  but  not  in  ER-negative,  cells.  The  inhibition  of  MEKl/2  and 
ERK1/ERK2  with  U0126  reduced  the  growth  and/or  survival  in  both 
cell  types,  but  only  in  MCF-7  and  MCF-7/1GF-IR  cells  was  IGF-I  able 
to  oppose  this  effect.  Down-regulation  of  p38  kinase  with  SB203580 
reduced  the  survival  of  MDA-MB-231  and  MDA-MB-231 /IGF-IR 
cells  and  to  a  lesser  extent  the  growth  and  survival  of  MCF-7  and 
MCF-7/IGF-IR  cells.  IGF-I  did  not  reverse  the  antimitogenic  action  of 
the  p38  kinase  inhibitor  in  either  of  the  cell  lines  studied  (Table  2). 
Cumulatively,  these  results  suggested  that  in  ER-positive  cells,  IGF-I 
transmits  mitogenic  signals  through  PI-3K  and  ERK1/ERK2  path¬ 
ways.  By  contrast,  IGF-1  does  not  induce  growth  or  survival  signal 
through  these  pathways  in  ER-negative  cells. 

IGF-I  Stimulates  Migration  of  MDA-MB-231  Cells.  We  inves¬ 
tigated  the  nonmitogenic  effects  of  IGF-I  in  ER-negative  and 
ER-positive  breast  cancer  cells.  Unlike  with  the  growth  and  sur- 


vi\ai  responses,  we  found  that  the  IGF-IR  transmitted  nonmito¬ 
genic  sienais  in  MDA-MB-231  and  MDA-MB-23I/IGF-IR  cells. 
Spcciiicaily,  in  the  chemotaxis  experiments,  IGF-I  placed  in  lower 
wells  stimulated  migration  of  ER-negative  cells  in  a  manner  re¬ 
flecting  IGF-IR  content.  Similarly,  the  same  IGF-I  doses  induced 
migration  in  ER-positive  cells  (Table  3).  The  addition  of  IGF-I  to  T3 
the  upper  well  or  both  upper  and  lower  wells  always  suppressed 
chemotaxis  of  all  cell  lines  (Table  3). 

I(;F-I  Pathways  Regulating  Migration  of  MDA-MB-231  Cells. 

Using  the  inhibitors  of  PI-3K,  ERK1/ERK2,  and  p38  kinases,  we 
determined  w  hich  pathways  of  the  IGF-IR  are  involved  in  migration 
of  ER -negative  and  ER-positive  cells.  The  treatment  was  carried  out 
for  24  h  ( UO 126  and  SB203580)  or  12  h  (LY294002)  and  did  not 
affect  cell  growth  and/or  survival  with  or  without  IGF-I  (see  “Mate¬ 
rials  and  .Methods”).  As  demonstrated  in  Table  4,  down-regulation  of  T4 
PI-3K  with  LY294002  inhibited  basal  migration  of  both  cell  types, 
with  a  more  pronounced  effect  in  ER-negative  cells.  Similarly,  block-  ^ 
ade  of  p38  kinase  inhibited  motility  of  all  cell  lines  studied.  The  aQ;E 
inhibition  of  MEKl/2  and  ERKl/2  with  U0126  never  suppressed  the 
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Fig.  fj.  tafcL-i  of  increased  Akt  activity  on  the  survival  of  MDA-MB-231  cells. 
MD.A-MIl  .^'1  ^oils  were  transiently  transfected  with  expression  plasmids  encoding  two 
different  w  tMtMuuuvely  active  Akt  kinase  mutants  (Myr-Akt  and  Akt/E40K;  Ref.  24).  The 
Aki  vectors  c.  nt.nned  HA-tag  for  easy  detection.  The  cells  treated  with  the  transfection 
mixture  bckinc  p!a.smjd  DNA  {Mock)  served  as  control.  The  expression  of  the  plasmids, 
as  well  as  the  aeuviry  and  the  levels  of  Akt  kinase  in  the  transfected  cells,  was  monitored 
at  2  and  4  d.n  s  alter  transfection.  Fifty  fig  of  total  protein  lysates  were  sequentially  probed 
by  Wn  with  anti -HA.  anti-active  Akt  and  then  anti-total  Akt-specific  antibodies  (de- 
senbed  in  M.itenals  and  Methods”).  Representative  results  of  four  repeats  are  shown  (A). 
To  a.ssess  hioiogteal  activity  of  AkL  the  levels  of  total  and  active  ERKl/2  in  cells 
transfected  with  the  .Myr-Akt  expression  vector  were  probed  in  50  fig  of  total  cell  lysate 
using  specitic  antibodies:  the  inhibition  of  ERKl/2  at  4  days  after  transfection  is  shown 
(5).  C  in  paraiiei.  the  number  of  cells  was  determined  at  days  0  (posttransfection  medium 
change).  !.  2.  and  4  iU'ter  transfection.  The  results  arc  averages  from  four  experiments. 
Bars.  S!) 
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Rg  7  PI-3K  and  MAPK  inhibitors.  Synchronized  cultures  of  MDA-MB-231  and 
MCF?7  cells  were  treated  with  LY29400Z  U0126.  or  SB203580  in  the  presence  or 
absence  of  IGF-l  as  described  in  “Materials  and  Methods.'*  The  actividcs  of  /Uct 
ERKiyERK2,  and  p38  kinases  were  determined  by  WB  in  50  /ig  of  protein  lysates  using 
specific  andbodies.  Representative  results  are  shown. 


migration  of  ER-positive  and  ER-negative  cells;  in  fact,  the  compound 
stimulated  cell  motility.  The  addition  of  IGF-I  as  a  chemoattractant 
significantly  counteracted  the  effects  of  all  three  inhibitors;  however, 
no  clear  association  between  the  cellular  levels  of  the  IGF-IR  and  this 
competing  action  of  IGF-I  was  noted  (Table  4).  These  results  sug¬ 
gested  that  IGF-I-dependent  motility  in  both  types  of  cells  requires  the 
PI-3K  and  p38  pathways  but  does  not  rely  on  the  activity  of  ERKl/ 
ERK2. 

DISCUSSION 

The  experimental  and  clinical  evidence  supports  the  notion  that 
hyperactivation  of  the  IGF-IR  may  be  critical  in  early  steps  of  breast 
cancer  development,  promoting  cell  growth,  survival,  and  resistance 
to  therapeutic  treatments.  However,  the  function  of  the  IGF-IR  in  the 
later  stages  of  the  disease,  including  metastasis,  is  still  obscure  (1). 
For  instance,  whereas  the  IGF-IR  has  been  found  overexpressed  in 
primary  breast  tumors,  its  levels,  similar  to  ER  levels,  appear  to 
undergo  reduction  during  the  course  of  the  disease  (1, 18).  According 
to  Pezzino  et  aL  (41),  who  studied  the  IGF-IR  status  in  two  patient 
subgroups  representing  either  a  low  risk  (ER-  and  progesterone  re¬ 
ceptor-positive,  low  mitotic  index,  diploid)  or  a  high  risk  (ER-  and 
progesterone  receptor-negative,  high  mitotic  index,  aneuploid)  popu¬ 
lation,  there  is  a  highly  significant  correlation  between  IGF-IR  ex¬ 
pression  and  better  prognosis.  Similar  conclusions  were  reached  by 
Peyrat  and  Bonneterre  (42)  and  recently  by  Schnarr  et  cd,  (18). 
Therefore,  it  has  been  proposed  that  similar  to  the  ER,  the  IGF-IR 
marks  more  differentiated  tumors  with  better  clinical  outcome.  How¬ 
ever,  it  has  also  been  argued  that  the  IGF-IR  may  play  a  role  in  early 
steps  of  tumor  spread  because  node-positive/IGF-IR-positive  tumors 
appeared  to  have  a  worse  prognosis  than  node-negative/IGF-IR- 


positive  tumors  (1,  42).  In  addition,  quite  rare  cases  of  ER-negative 
but  IGF-IR-positive  tumors  are  associated  with  shorter  disease-free 
survival  (43). 

In  breast  cancer  cell  lines,  a  hormone-dependent  and  less  aggressive 
phenotype  correlates  with  a  good  IGF-IR  expression  (1,  19,  42).  By 
contrast,  different  ER-negative,,  breast  cancer  cell  lines  express  low 
levels  of  the  IGF-IR  and  generaUy  do  not  respond  to  ICF-I  with 
growth  (1.  18-22).  However,  many  ER-negative  cell  lines  appear  to 
depend  on  the  IGF-IR  for  tumorigenesis  and  metastasis.  Foiirstance, 
blockade  of  the  IGF-IR  in  MDA-MB-231  cells  by  anti-IGF-IR  anti¬ 
body  reduced  migration  in  vitro  and  tumorigenesis  in  vivo,  and  ex¬ 
pression  of  a  soluble  IGF-IR  in  MDA-MB-435  cells  impaired  growth, 
tumorigenesis,  and  metastasis  in  animal  models  (1, 14, 16, 23).  These 
observations  suggest  that  some  growth-unrelated  pathw^s  of  the 
IGF-IR  may  be  operative  in  the  context  of  ER-negative  cefls. 

Here  we  studied  whether  this  particular  IGF-I  dependence  of  ER- 


negative  breast  cancer  cells  relates  to  the  nonmitogenic  function  of  the 
IGF-IR,  such  as  cell  migration.  Our  experiments  indicated  that  the 
IGF-IR  is  an  effective  mediator  of  cell  motility.  Furthermore,  IGF-I- 
mdneed  migration  was  proportional  to  IGF-IR  content  We  demon- 
fnr  first  tinie-  that  in  MDA-MB-231  ER-negative  cells. 


IGF-IR  signaling  pathways  responsible  for  cell  movement  include 
PI-3K  and  p38  kinases.  Indeed,  an  acute  IGF-I  stimulation  of  MDA- 
MB-231  and  MDA-MB-231/IGF-IR  ceUs  appears  to  induce  both 


PI-3K  and  p38  kinases,  suggesting  that  this  short-time  activation  may 
be  involved  in  migration-  Both  of  these  pathways  have  been  shown 
previously  to  regulate  cell  motihty  in  breast  cancer  ceUs  and  other  ceU 
types  (35,  44).  Interestingly,  the  migration  of  both  ER-negative  and 
ER-positive  cells  was  enhanced  by  a  specific  MEK 1/MEK2  inhibitor 
U0126.  We  observed  this  effect  over  a  broad  range  of  U0126  doses 
(1-10  im)  and  in  several  MDA-MB-231-  and  MCF-7-derived  clones; 
the  same  doses  always  suppressed  cell  proliferation  in  serum-contain¬ 
ing  medium  and  PRF-SFM  (data  not  shown  and  Table  2),  These 


Tabic  3  IGF4-induced  migration  in  ER-negative  and  ER-positive  breaa  eancer  ceils 
Tbc  IGF-I-induccd  nrigtation  of  MDA-MB-231  and  MCF-7  cells.  *dr  IGF-IR- 
overexpressing  derivatives,  as  well  as  control  clones  MDA-MB-23I/5M  and  MCF-74x:2, 
was  determined  after  24  hr,  as  described  in  “Materials  and  Methods  ”  At  this  time  point. 
IGF-I  did  not  produce  statistically  significant  differences  in  the  growth  and  awvival  of  the 
cells  studied  (Rg.  3).  Migration  {%)  represents  the  difference  (in  %)  between  basal 
migration  in  PRF-SFM  and  migration  in  the  presence  of  IGF-L  Tbe  chemooais  results  are 
averages  (±SE)  from  at  least  nine  experiments.  The  chcmokincsis  rcsuiis  aie  averages 

(±SE)  from  three  experiments. _ _ _ _ 

Migration  (%)“ 


Oil  line _ Lower  well  Upper  well  Both  wells 

MDA-MB-231  +24  ±  3.9 

MDA-MB-231/IGF-IR  +79  ±4.1 

MDA-MB-231/5M  +20  ±  ZO 

MCF-7  +23  ±  4.7 

MCF-7AGF-IR  +47  ±  5.6 

MCF-7^ _  +17  ±  3.1 

•IGF-L 


+2  ±  O.I  +7  ±  0.4 

+  10  ±0.1  +I2±0J 

+  1±0.0  +5  ±0.1 

-1±0.0  -2  ±0.0 

-10  ±0.5  -8  ±0.2 

0±0.0  -1±0.0 


Table  2  Effects  of  PI-3 K  and  MAPK  inhibitors  on  growth  and  surviva!  if  ER-negative  and  ER-positive  breast  cancer  cells 
MDA-MB-231  cells.  MDA-MB-231 /IGF-IR  clone  31.  MCF-7  cells,  and  MCF-7/IGF-IRclone  12  were  entailed  in  PRF-SFM  «  without  IGF-I  ta^ 
the  inhibitors  for  48  h,  as  described  in  “Materials  and  Methods."  TTie  difference  (in  perceaiges)  between  the  number  of  Uve  cells  undK  treatment  and  the  number  of  cells  cul 
under  control  conditions  (without  inhibitors)  was  defined  as  inhibition  (%).  The  results  are  averages  from  three  experiments;  SDs  are  given.  _ _ _ 

Inhibition  (%) 


Cell  line 


MDA-MB-231 

MDA-MB-231/IGF-IR 

MCF-7 

MCP-7/IGF-IR 


LY294002  (PI-3K)  UOI26  (MEK)  SB203S80  (p38) 


SFM 

+IGF 

SFM 

+IGF 

SFM 

+Kff 

9.4  ±  1.0 

11.1  ±  1.2 

68.8  ±  3.3 

73.2  ±  6.7 

7.8  ±  0.8 

12.3  ±  0.9 

35.0  ±  1.2 

34.6  ±  2.7 

35.0  +  2.6 
ia3  +  0.9 
«.6  +  3.8 

49.4  +  3.9 

39.0  ±  Z7 

22.9  ±  1.3 

26.3  ±  2.5 

20.2  ±  1.5 

47.8  ±  2.2 

29.5  ±  2.0 

11.7  i  1.2 

24.7  +  0.2 

42J±4.4 
35.6  ±3.6 
I0.0±0.4 
25.9  ±0.9 
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Table  4  Effects  of  PI-3K  and  MAPK  inhibitors  on  migration  of  ER-negative  and  ER-positive  breast  cancer  cells 
The  migrauon  of  MDA-MB-231  cells.  MDA-MB-23I/IGF-IR  clone  31.  MCF-7  cells,  and  MCF-7/IGF-IR  clone  12  was  tested  in  mocked  Boyden  chambers  as  described  in 
“Materials  and  Methods.*’  The  inhibitors  were  added  to  the  upper  wells  at  the  time  of  cell  plating,  and  their  effect  on  basal  (SFM)  or  IGF-I-induccd  (+1GF)  migration  was  ^sessed 
after  24  h  (for  U0126  and  SB 2035 80)  or  12  h  (for  LY94002).  At  these  time  points,  the  compounds  did  not  affect  cell  growth  and  survival.  The  values  represent  the  percentage  of  change 
relative  to  the  migration  at  basal  conditions  in  PRF-SFM  (SFM)  without  inhibitors  or  chemoattractants.  The  experimenB  were  repeated  at  least  three  rimes;  the  average  results  (±SD) 


arc  given. 

Change  (%) 

LY294002  (PI-3K) 

U0126  (MEK) 

SB203580  (p38) 

Cell  line 

SFM 

+IGF 

SFM 

+IGF 

SFM 

+IGr 

MDA-MB-231 

MDA-MB-231/IGF-IR 

MCF-7 

MCF-7/IGF-IR 

-45.1  -  1.1 
-38.3  ±  3.5 
-24.7  ±  1.2 
-20.4  ±  1.0 

-18.9  ±0.9 
-1Z2±0.4 
-9.6  ±  0.9 
-8.0  ±  0.7 

-t-53.4  ±  3.5 
+29.0  ±  ZO 
+94.9  ±  3.9 
+65,6  ±  5.4 

+3d4  ±  2.2 
+1Z6±0.7 
+56l4±1.7 
+23J&  ±  1.9 

-30.2  ±  2.9 
-40.1  ±  0.4 
-18.9  ±  I.l 
-24.8  ±  0.8 

-8.5  ±  0.7 
-15  ±  0.0 
-5.6  ±  0.2 
-1.7  ±0.1 

peculiar  effects  suggest  that  MEKl/2  may  represent  a  regulatory  point 
balancing  mitogenic  and  noninitogenic  cell  responses. 

In  contrast  with  the  positive  effects  of  IGF-I  on  cell  motility  in 
ER-negative  and  ER- positive  breast  cancer  cells,  this  growth  factor 
never  stimulated  the  proliferation  of  MDA-MB-231  cells,  whereas  it 
induced  the  growth  of  MCF-7  cells  and  MCF-7-derived  clones  over¬ 
expressing  the  IGF-IR.  It  is  has  been  established  by  Rubini  et  aL  (30) 
and  Reiss  et  aL  (31)  that  mitogenic  response  to  IGF-I  requires  a 
threshold  level  of  IGF-IR  expression  (in  fibroblasts,  ^1.5  X  1(7*). 
Here,  we  demonstrated  that  increasing  the  levels  of  the  IGF-IR  from 
•^7  X  10^  up  to  —2,5  X  10^  and  subsequent  up-regulation  of  IGF-IR 
tyrosine  phosphorylation  was  not  sufficient  to  induce  IGF-I-depend- 
ent  growth  of  MDA-MB-213  cells.  Similar  results  were  obtained  by 
Jackson  and  Yee  (21),  who  showed  that  overexpression  of  IRS-1  in 
ER-negative  MDA-MB-435A  and  MDA-MB-468  breast  cancer  cells 
did  not  stimulate  IGF-I-dependent  mitogenicity.  These  authors  sug¬ 
gested  that  the  lack  of  IGF-I  response,  even  in  IRS- 1 -overexpressing 
ER-negative  cells,  was  related  to  insufficient  stimulation  of  ERKl/ 
ERK2  and  PI-3K  pathways  (21),  Defective  insulin  response  in  ER- 
negative  cell  lines  has  also  been  described  by  Costantino  et  aL  (45) 
and  linked  with  an  increased  tyrosine  phosphatase  activity. 

Our  experiments  suggested  that  the  lack  of  IGF-I  mitogenicity  in 
MDA-MB-231  and  MDA-MB-231 /IGF-IR  cells  was  not  related  to  the 
impaired  IGF-IR  or  IRS-1  tyrosine  phosphorylation.  The  ceils  were 
also  able  to  respond  to  an  acute  IGF-I  stimulation  with  a  marked 
activation  of  the  PI-3K/Akt  and  ERK-1/ERK2  pathways.  We  hypoth¬ 
esize  that  this  transient  stimulation  could  be  sufficient  to  induce  some 
IGF-I  response,  such  as  cell  motility.  Mitogenic  response,  on  the  other 
hand,  may  rely  on  a  more  sustained  activation  of  critical  IGF-IR 
signals,  as  demonstrated  before  with  mouse  embryo  fibroblasts  (36). 
Indeed,  the  most  significant  difference  in  IGF-I  signal  between  ER- 
negative  and  ER-positive  cells  rested  in  the  impaired  long-term  stim¬ 
ulation  of  the  PI-3K/Akt  pathway;  MDA-MB-231  and  MDA-MB- 
231/IGF-lR  cells  were  unable  to  sustain  this  IGF-I-induced  signal  for 
1  or  2  days,  whereas  in  MCF-7  and  MCF-7/IGF-IR  cells,  the  PI-3K/ 
Akt  pathway  was  still  active  at  this  time.  The  subsequent  experiments 
with  MDA-MB-231  cells  transfected  with  constitutively  active  Akt 
mutants  demonstrated  that  the  increased  biological  activity  of  Akt  was 
not  sufficient  to  completely  reverse  cell  death  in  PRF-SFM  (Fig.  6C 
and  data  not  shown).  This  suggested  that  although  a  sustained  Akt 
activity  could  be  important  in  the  survival  of  breast  cancer  cells,  other 
pathways,  or  a  proper  equilibrium  between  Akt  and  other  pathways 
(such  as  ERKl/2),  are  also  critical.  The  latter  possibility  could  be 
supported  by  our  finding  that  hyperactivation  of  Akt  down-regulates 
the  ERKl/2  pathway.  Normally,  this  pathway  appears  to  play  a  role  in 
the  survival  of  ER-negative  cells  (Table  2). 

In  summary,  our  data  suggest  that  IGF-IR  signaling  and  function 
may  be  different  in  hormone-dependent  and  -independent  breast  can¬ 
cer  cells.  In  ER-positive  MCF-7  cells.  IGF-IR  transmits  various 


signals,  such  as  growth,  survival,  migration,  and  adhesion.  In  ER- 
negative  MDA-MB-231  cells,  the  growth-related  functions  of  the 
IGF-IR  become  attenuated,  but  the  receptor  is  still  able  to  control 
nonmitogenic  processes,  such  as  migration.  It  is  likely  that  this  kind  of 
evolution  is  also  involved  with  the  response  to  other  growth  factors. 
Epidermal  growth  fector,  for  instance,  is  an  effective  mitogen  for 
ER-positive  breast  cancer  ceils  but  does  not  stimulate  the  proliferation 
or  survival  in  MDA-MB-23 1  cells,  despite  high  EGF-R  expression 
(46).  However,  as  demonstrated  recently  by  Price  et  aL  (46),  EGF  is 
a  potent  chemoattractant  for  MDA-MB-231  cells.  EGF-induced  mi¬ 
gration  in  MDA-MB-231  cells  requires  PI-3K  and  phospholipase  Cy 
and  is  not  inhibited  by  antagonists  of  ERK1/ERK2. 

In  conclusion,  mitogenic  and  nonmitogenic  pathways  induced  by 
growth  factors  in  breast  cancer  cells  may  be  dissociated,  and  attenu¬ 
ation  of  one  is  not  necessarily  linked  with  the  cessation  of  the  other. 
Delineating  the  nonmitogenic  responses  will  be  critical  for  the  devel¬ 
opment  of  drugs  specifically  targeting  metastatic  cells. 
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SUMMARY 

Hyperactivation  of  the  insulin-like  growth  factor  I  receptor  (IGF-IR)  contributes 
to  primary  breast  cancer  development,  but  the  role  of  the  IGF-IR  in  tumor  metastasis  is 
unclear.  Here  we  studied  the  effects  of  the  IGF-IR  on  intercellular  connections  mediated 
by  the  major  epithelial  adhesion  protein,  E-cadherin  (E-cad).  We  found  that  IGF-IR 
overexpression  markedly  stimulated  aggregation  in  E-cad-positive  MCF-7  breast  cancer 
cells,  but  not  in  E-cad-negative  MDA-MB-231  cells.  However,  when  the  IGF-IR  and  E- 
cad  were  co-expressed  in  MDA-MB-23 1  cells,  cell-cell  adhesion  was  substantially 
increased.  The  IGF-lR-dependent  cell-cell  adhesion  of  MCF-7  cells  was  not  related  to 
altered  expression  of  E-cad.  a-,  p-,  or  y-catenins,  but  coincided  with  the  upregulation  of 
another  element  of  the  E-cad  complex,  ZO-1.  ZO-1  expression  (mRNA  and  protein)  was 
induced  by  IGF-I  and  was  blocked  in  MCF-7  cells  with  a  tyrosine  kinase-defective  IGF-IR 
mutant.  By  co-immunoprecipitation,  we  found  that  ZO-1  associates  with  the  E-cad 
complex  and  the  IGF-IR.  High  levels  of  ZO-1  coincided  with  an  increased  IGF-IR/a- 
catenin/ZO-1  binding  and  improved  ZO-l/actin  association,  while  downregulation  of  ZO-1 
by  the  expression  of  an  anti-ZO-1  RNA  inhibited TGF-IR-dependent  ceU-ceU  adhesion. 
The  results  suggested  that  one  of  the  mechanisms  by  which  the  activated  IGF-IR  regulates 
E-cad-mediated  cell-cell  adhesion  is  overexpression  of  ZO-1  and  resulting  stronger 
connections  between  the  E-cad  complex  and  the  actin  cytoskeleton.  We  hypothesize  that 
in  E-cad-positive  cells,  the  IGF-IR  may  produce  anti-metastatic  effects. 
INTRODUCTION 

The  insulin-like  growth  factor  I  (IGF-I)  receptor  (IGF-IR)  is  a  ubiquitous  tyrosine 
kinase  capable  of  regulating  different  growth-related  and  -unrelated  processes  (1-3). 
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Recent  evidence  indicates  that  the  IGF-IR  may  be  involved  in  breast  cancer  development. 
The  IGF-IR  is  significantly  (10- 14-fold)  overexpressed  in  estrogen  receptor  (ER)-positive 
primary  breast  tumors  compared  to  normal  mammary  epithelium  or  benign  tumors  (1,4). 
Moreover,  the  intrinsic  ligand-independent  tyrosine  kinase  activity  of  the  IGF-IR  has  been 
found  substantially  upregulated  (~2-4-fold)  in  breast  cancer  cells  (4).  It  has  been 
suggested  that  the  increased  receptor  fimction  coupled  with  enhanced  receptor  expression 
amounts  to  a  40-fold  elevation  in  IGF-IR  activity  in  ER-positive  breast  tumors  (4).  Recent 
clinical  and  experimental  data  indicate  that  upregulation  of  IGF-IR  signaling  in  ER- 
positive  breast  cancer  cells  is  associated  with  autonomous  cell  proliferation,  estrogen- 
independence,  and  increased  resistance  to  various  anti-tumor  treatments  (1). 
Consequently,  it  is  believed  that  hyperactivation  of  the  IGF-IR  may  induce  and  sustain  the 
growth  of  primary  breast  tumors  (1). 

The  role  of  the  IGF-IR  in  breast  cancer  metastasis,  however,  is  unclear.  The 
experimental  data  suggested  that  the  IGF-IR  has  a  fimction  in  ceU  spreading,  as  it 
effectively  stimulates  the  motility  of  different  metastatic  breast  cancer  cell  lines  lacking  the 
expression  of  a  major  adhesion  protein  E-cadherin  (E-cad)  (1,  5,  6).  On  the  other  hand, 
we  and  others  have  shown  that  in  more  differentiated  E-cad-positive  cells,  IGF-I  treatment 
or  IGF-IR  overexpression  upregulates  cell-cell  adhesion,  which  correlates  with  increased 
ceU  survival  in  3-dimensional  (3-D)  culture  and  reduced  cell  migration  in  vitro  and  in 
organ  cultme  (1,  7-10). 

The  mechanism  of  IGF-I-dependent  intercellular  adhesion  and  the  clinical 
consequences  of  this  phenomenon  have  not  been  fully  elucidated.  Previously,  we 
demonstrated  that  in  MCF-7  human  breast  cancer  cells,  the  IGF-IR  co-Iocalizes  and  co- 
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precipitates  with  the  E-cad  complex,  and  IGF-induced  aggregation  is  blocked  with  an  anti- 
E-cad  antibody  (7).  In  this  study  we  assessed  the  effects  of  the  lOF-IR  on  the  elements  of 
the  E-cad  adhesion  complex,  i.e.  E-cad.  p-,  y,  and  a-catenins  and  a-catenin-associated 
proteins  (see  Fig.  6).  The  initial  results  prompted  us  to  focus  on  an  a-catenm-bmding 

element — junction  proXthi  zonula  occludens-1  (ZO-1). 

ZO-1  is  a  -220  kDa  scaffolding  protein  containing  various  domains  (an  SH3 

domain,  three  PDZ  domains,  a  proline-rich  region,  and  a  guanylate  kinase  domam),  which 
allow  its  interaction  with  specialized  sites  of  plasma  membrane  as  weU  as  with  other 
proteins  (11,  12).  ZO-1  is  a  characteristic  element  of  tight  junctions,  but  recently  its 
presence  has  also  been  demonstrated  in  E-cad  adherens  junctions  (13-15).  The  role  of  ZO- 
1  in  adherens  junctions  is  yet  unclear,  but  it  is  assumed  that  it  may  functionally  link  E-cad 
with  the  actin  cytoskeleton,  as  it  associates  with  a-catenin  and  actin  through  its  N-  and  C- 
terminus,  respectively  (13,  see  Fig.  6).  In  addition,  as  a  member  of  the  MAGUK 
(membrane-associated  guanylate  kinase  homologues)  femily  of  putative  signaling  proteins, 
ZO-1  may  be  involved  in  signal  transduction.  Indeed,  ZO-1  has  been  found  to  bmd  a 
target  of  Ras,  AF6  (16).  Deletions  or  mutations  in  the  ZO-1  gene  produced  overgrowth, 
suggesting  that  ZO-1  may  act  as  a  tumor  suppressor  (11).  In  breast  cancer,  ZO-1  is 
usuaUy  co-expressed  with  E-cad  and  is  a  strong  independent  marker  of  a  more 

differentiated  phenotype  (17). 

At  present,  very  little  is  known  about  the  regulation  of  ZO-1  by  growth  fectors. 
However,  some  recent  studies  demonstrated  that  EGF  (epidermal  growth  factor)  and 
VEGF  (vascular  endothelial  growth  fector)  are  able  to  increase  ZO-1  tyrosine 
phosphorylation,  modulate  its  subceUular  localization,  and  consequently  produce  mcreased 
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permeability  ( 1 8-20).  Here,  we  present  the  first  e\  idonce  that  in  MCF-7  breast  cancer  cells 
1)  the  IGF-IR  upregulates  ZO-1  expression;  2)  elevated  levels  of  ZO-1  coincide  with 
enhanced  IGF-IR/E-cad-mediated  cell-cell  adhesion:  and  3)  ZO-1  expression  is  required 
for  IGF-lR-increased  cell  aggregation  in  E-ead-positi\  e  MCF-7  cells. 

MATERIALS  AND  METHODS 

Expression  Plasmids.  E-cad  expression  plasmicL The  pBAT-EM2  plasmid  is  a  denvative 
of  pBR322  and  contains  the  mouse  E-cad  cDNA  cloned  under  the  P-actin  promoter  in 
pBR322  (21).  As  demonstrated  previously,  transfection  of  MDA-MB-231  cells  with 
pBAT-EM2  results  in  E-cad  overexpression.  impro\ed  cell  aggregation,  and  reduced 
metastatic  potential  of  the  cells  (21,  22). 

Antisense  70-1  RNA  vector.  The  pcDNA3/anii-/.()-l  plasmid  encoding  the  anti-ZO-1 
antisense  RNA  contains  a  959  bp  BamHl  fragment  of  the  human  ZO-I  cDNA  (nt  4205- 
5164)  inserted  (in  the  3 ’-5’  orientation)  into  the  pcDNA3.1/Hygro  plasmid  (Invitrogen). 
PcDNA3/sense-ZO-l  is  the  control  vector  in  which  the  above  959  bp  ZO-1  cDNA 
fragment  was  cloned  in  the  5’-3’  orientation. 

CeU  Lines  and  CeU  Culture  Conditions.  MCF-7/1GF-1R.  clone  12,  15  and  17  are  MCF- 
7-derived  clones  overexpressing  the  IGF-IR  at  the  levels  5xl0',  3xl0^  and  1x10^ 
receptors/cell,  respectively  (7).  To  avoid  clonal  %ariation.  in  several  experiments  we  used  a 
population  of  mixed  clones  12,  15  and  17.  The  mixed  population  is  referred  to  as  MCF- 
7/IGF-lR  cells  and  expresses  ~  0.9xl0"  IGF-IR  receptors/ceU  (which  represents  ~18-fold 
overexpression  over  the  levels  in  normal  cells)(  1 ).  MCF-7/IGF-IR/Y3F  express  an  IGF-IR 
(-3x10*  receptors/cell)  with  inactivating  mutations  in  the  tyrosine  kinase  domain  (Tyr 
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1131,  1135.  1136  replaced  with  Phe)  (23).  MCI-7/1GF-1R/Y3F  cells  were  derived  from 
MCF-7  cells  by  stable  transfection  with  the  pcDNA3/lGF-IR/KR  plasmid  and  subsequent 
selection  in  2  mg/ml  G418.  The  results  obtained  with  the  MCF-7/IGF-IR/Y3F  clone  were 
verified  using  a  population  of  MCF-7  cells  transiently  transfected  with  the  IGF-IR/Y3F 
vector  (see  below).  MCF-7/IGF-IR/anti-ZO- 1  and  MCF-7/lGF-IR/sense-ZO-l  cells  were 
derived  from  MCF-7/IGF-IR  clone  15  by  stable  transfection  with  the  antisense-  and  sense- 
ZO-1  vectors,  respectively,  and  subsequent  selection  in  500  pg/ml  Hygromycin  B. 

MDA-MB-231  is  a  metastatic  breast  cancer  cell  line  lacking  E-cad  and  expressing 
~  7x10'  IGF-IR  receptors/cell  (24,  Bartucci  et  al..  in  revision).  MDA-MB-231 /IGF-IR 
clone  31  was  derived  from  MDA-MB-231  cells  by  stable  transfection  with  the 
pcDNA3/IGF-IR  plasmid.  MDA-MB-231 /IGF-IR  cells  express  ~  250,000  IGF-IR/ceU 

(Bartucci  et  al.,  in  revision). 

All  cell  lines  were  grown  in  DMEM:F12  (1:1)  containing  5%  calf  serum  (CS). 
MCF-7-  and  MDA-MB-23 1 -derived  clones  transfected  with  the  wild  type  or  mutant  IGF- 
IR  were  maintained  in  growth  medium  with  100  pg/ml  G418.  MCF-7/IGF-IR/anti-ZO-l 
and  MCF-7/IGF-IR/sense-ZO-l  cells  were  cultured  in  growth  medium  with  50  pg/ml 
Hygromycin  B.  In  the  experiments  requiring  serum- free  conditions,  the  ceUs  were  cultured 
in  phenol  red-free  DMEM  containing  0.5  mg/ml  BSA,  1  uM  FeS04  and  2  mM  L- 
glutamine  (referred  to  as  SFM). 

Transient  Transfection.  MDA-MB-231  and  MDA-MB-231/IGF-IR  cells  were 
transiently  transfected  using  Lipofectamine  2000  (Gibco)  (reagent®NA  ratio  =  5  |il/lpg). 
The  transfection  was  carried  out  in  growth  medium  for  24  h,  then,  the  cells  were  lysed  and 
processed  for  E-cad  Western  blotting  (WB).  To  evaluate  the  extent  of  cell-cell  adhesion  in 
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the  transfected  MDA-MB-231  and  MDA-MB-231 /IGF-IR  cells,  the  cells  were  trypsinized 
upon  transfection,  counted  and  placed  in  3-D  suspension  culture,  as  described  below. 
MCF-7  cells  were  transfected  for  6  h  in  growth  medium  using  Fugene  6  (Roche) 
(reagent/DNA  ratio  =  3  pl/lpg).  To  study  IGF-I  signaling,  the  transfected  MCF-7  cells 
were  shifted  to  SFM  for  36  h  and  stimulated  with  IGF-I  for  15  min.  The  efficiency  of 
transfection  (transfected  ceUs/total  ceU  number)  was  at  least  70%  for  all  ceU  types,  and 
was  estimated  by  scoring  fluorescent  cells  in  cultures  transfected  with  the  plasmid  pCMS 
(encoding  Green  Fluorescent  Protein)  (Invitrogen). 

3-D  Spheroid  Culture.  The  cells  were  grown  to  70-80%  confluence,  trypsinized,  and 
plated  as  single  ceU  suspension  in  2%-agar-coated  plates  containing  either  normal  growth 
medium  or  SFM.  2x10^  cells  were  plated  per  100  mm  culture  dish.  To  generate  3-D 
spheroids,  the  plates  were  rotated  for  4  h  at  37^.  The  spheroids  started  to  assemble  at  ~1 
h  after  plating  and  were  completely  organized  after  3-4  h  of  culture  in  suspension.  The  3- 
D  cultures  were  photographed  using  a  phase  contrast  microscope  (Nikon  or  Olympus). 
The  extent  of  aggregation  was  scored  by  measuring  the  spheroids  with  an  ocular 
micrometer.  For  each  cell  type,  the  spheroids  of  25<50,  50<100,  and  >100  pm  (in  the 
smaOest  cross-section)  were  counted  in  10  different  fields  under  lOx  magnification. 

IGF  Stimulation.  70%  confluent  cell  cultures  were  synchronized  in  SFM  for  36  h  and 
then  stimulated  with  20  ng/ml  IGF-I  for  0-72  h. 

Immunoprecipitation  and  Western  Blotting.  The  expression  of  different  elements  of 
the  adhesion  complex  was  assessed  in  500  pg  of  protein  lysate  by  immunoprecipitation 
(IP)  and  Western  blotting  (WB)  with  appropriate  antibodies.  The  expression  of 
ERK1/ERK2  was  tested  in  50  pg  of  total  cell  lysate.  The  cell  lysis  buffer  contained  50 


7 


IGF-IR  upregulates  adhesion  through  ZO-1 

mM  HEPES  pH  7.5,  150  mM  NaCl,  1%  Triton  X-100,  1.5  mM  MgCE,  1  mM  CaCE,  100 
mM  NaF,  0.2  mM  Na3V04,  1%  PMSF,  1%  aprotinin,  as  described  before  (25).  The 
following  antibodies  were  used:  anti-ZO-1  polyclonal  antibody  (pAb)  (Zymed 
Laboratories)  for  ZO-1  IP  (5  pg/ml)  and  WB  (2  pg/ml);  anti-E-cad  monoclonal  antibody 
(mAB),  clone  36  (Transduction  Laboratories)  for  E-cadherin  IP  (2  pg/ml)  and  WB  (0.1 
pg/ml);  anti-a-catenin  pAb  (Sigma  or  Zymed  Laboratories)  for  a-catenin  IP  (4  pg/mi)  and 
WB  (anti-serum  dilution  1 :4,000);  anti-p-catenin  mAb  (Transduction  Laboratories)  for  p- 
catenin  IP  (4  pg/ml)  and  WB  (0.5  pg/ml);  anti-y  catenin  pAb  (Sigma)  for  y-catenm  WB  (1 
pg/ml);  anti-actin  mAb  clone  AC-40  (Sigma)  for  actin  WB  (0.4  pg/ml);  anti-IGF-IR  mAb, 
clone  alpha  IR-3  (Calbiochem)  for  IGF-IR  IP  (3  pg/ml),  and  anti-IGF-IR  pAb  C-20  (Santa 
Cruz)  for  IGF-IR  WB  (0.2  pg/ml);  anti-p85  pAb  (UBI)  for  p85  subunit  of  PI-3  kinase  WB 
(0.25  pg/ml);  anti-phospho-MAPK  mAb  (New  England  Biolabs)  for  active  ERK1/ERK2 
WB  (0.5  pg/ml);  anti-MAPK  pAb  (New  England  Biolabs)  for  total  ERK1/ERK2  WB  (1 
pg/ml).  Tyrosine  phosphorylation  of  immunoprecipitated  proteins  was  measured  by  WB 
with  anti-phosphotyrosine  mAb  (Transduction  Laboratories)  (0.03  pg/ml).  WBs  were 
developed  using  an  ECL  chemiluminescence  kit  (Amersham).  The  intensity  of  bands 
representing  relevant  proteins  was  measured  by  laser  densitometry  scannii^. 


RESULTS 

IGF-IR  overexpression  stimulates  cell-cell  adhesion  through  E-cad-dependent 
mechanism.  First,  we  demonstrated  that  under  3-D  culture  conditions,  overexpression  of 
the  IGF-IR  stimulated  cell-cell  adhesion  in  E-cad-positive  MCF-7  breast  cancer  cells,  but 
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not  in  E-cad-negative  MDA-MB-231  cells  (Fig.  1  A,  B,  and  Tab.  1).  However,  co¬ 
expression  of  the  IGF-IR  and  E-cad  resulted  in  robust  ceU-cell  adhesion  of  MDA-MB-231 
cells,  while  the  expression  of  E-cad  alone  was  less  efficient  in  inducing  interceUular 
contacts  (Fig.  1  C,  D,  and  Tab.  1 ).  These  results  together  with  our  previous  data  that  IGF- 
IR-mediated  aggregation  in  MCF-7  ceUs  is  blocked  with  an  anti-E-cad  antibody  (7) 
indicated  that  IGF-IR  adhesion  signals  are  transmitted  through  the  E-cad  complex. 

IGF-IR  overexpression  upregulates  ZO-1.  We  tested  whether  high  levels  of  the  IGF-IR 
affect  the  expression  of  the  proteins  within  the  E-cad  complex.  We  found  that  m  MCF-7 
and  MCF-7/1GF-1R  cells  cultured  as  3-D  spheroids,  the  levels  of  E-cad,  a-,  p-,  and  y- 
catenin  were  similar,  however,  the  abundance  of  ZO-1  was  significantly  mcreased  m  MCF- 
7/IGF-IR  cells  (Fig.  2).  The  tyrosine  phosphorylation  of  all  these  adhesion  proteins  was 
undetectable  in  spheroids,  and  was  not  influenced  by  IGF-IR  overexpression  (Fig.  5  and 
data  not  shown). 

To  investigate  whether  the  increased  expression  of  ZO-1  in  MCF-7/IGF-IR  cells 
depends  on  IGF-IR  tyrosine  kinase  activity,  we  generated  by  stable  or  transient 
transfection  MCF-7/IGF-IR/Y3F  cells  expressing  high  levels  of  a  kinase-defective  IGF-IR 
mutant  (IGF-IR/Y3F).  The  overexpression  of  the  IGF-IRA!'3F  mutant  resulted  in  impaired 
IGF-I  response,  which  was  reflected  by  markedly  reduced  IGF-IR  and  IRS-1  tyrosme 
phosphorylation,  decreased  IRS-l/p85  binding,  and  diminished  ERK1/ERK2  stimulation 
(Fig.  3).  The  basal  expression  of  ZO-1  in  MCF-7/IGF-IR/Y3F  cells  was  significantly 
reduced  compared  to  that  in  MCF-7/IGF-IR  cells,  indicating  that  tyrosine  kinase  activity 
of  the  IGF-IR  is  required  for  the  upregulation  of  ZO-1  (Fig.  3).  Interestingly,  the  inhibition 
of  IGF-I  response  did  not  affect  E-cad  expression,  suggesting  a  selective  action  of  the 
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IGF-IR  towards  ZO-1  (Fig.  3).  The  blockade  of  the  IGF-IR  signal  in  MCF-7/IOF-IR/Y3F 
cells  coincided  with  reduced  cell-cell  adhesion  (Tab.  1). 

ZO-1  mRNA  and  protein  expression  is  regulated  by  IGF-I.  To  establish  whether  the 
activation  of  the  IGF-IR  by  IGF  produces  a  similar  effect  on  ZO-1  as  that  seen  with  IGF- 
IR  overexpression,  we  studied  ZO-1  mRNA  and  protein  in  MCF-7  and  MCF-7/IGF-1R 
cells  treated  with  20  ng/ml  IGF-I  for  l-72h  (Fig.  4).  In  MCF-7  cells  cultured  in  SFM,  the 
basal  levels  of  ZO-1  mRNA  were  low,  and  were  markedly  increased  between  4  and  36h  of 
IGF-I  treatment  (Fig.  4A).  In  contrast,  the  abundance  of  ZO-1  mRNA  was  always 
elevated  in  MCF-7/IGF-IR  cells,  and  was  only  moderately  improved  by  IGF-I  (4-72  h) 
(Fig.  4A).  ZO-1  protein  levels  in  IGF-I-treated  cells  generally  reflected  the  expression  of 

ZO-1  mRNA  (Fig.  4B). 

Interactions  of  ZO-1  with  the  E-cad  complex  in  MCF-7/IGF-IR  cells.  It  has  been 
recently  reported  that  ZO-1  is  an  element  of  the  E-cad  complex  (12-14).  This  complex 
also  contains  the  IGF-IR,  as  described  in  our  previous  work  (7,  8).  Here,  we  analyzed 
tyrosine  phosphorylation  status  of  the  IGF-IR,  E-cad,  and  ZO-1,  and  the  interactions 
among  these  proteins  in  MCF-7  and  MCF-7/IGF-IR  cells  cultured  as  3-D  spheroids  (Fig. 
5).  The  autophosphorylation  of  the  IGF-IR  was  elevated  in  MCF-7/IGF-IR  cells, 
reflecting  the  increased  responsiveness  of  the  cells  to  IGF-IR  Ugands  (IGF-I,  IGF-II,  and 
insulin)  present  in  serum.  However,  tyrosine  phosphorylation  of  E-cad  and  ZO-1  were 
unaffected  by  IGF-IR  overexpression  (Fig.  5A).  Similarly,  high  levels  of  the  IGF-IR  did 
not  affect  tyrosine  phosphorylation  of  a-,  P-,  or  y-catenin  (data  not  shown).  Next,  we 
asked  whether  hyperactivation  of  the  IGF-IR  and  increased  expression  ZO-1  have 
consequences  on  the  associations  among  the  proteins  within  the  E-cad  complex.  Co- 
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iinmunoprecipitation  experiments  demonstrated  that  IGF-IR  overexpression  resulted  in  an 
increased  abundance  of  IGF-IR/E-cad  and  IGF-IR/ZO-1  complexes  (Fig.  5A).  Also,  the 
elevated  levels  of  ZO-1  in  MCF-7/IGF-IR  cells  coincided  with  an  increased  association  of 
ZO-1  with  either  E-cad  or  the  IGF-IR  (Fig.  5A).  Moreover,  the  binding  of  a-catenin  (an 
ZO-l-associated  protein)  to  the  IGF-IR  or  ZO-1,  but  not  to  E-cad,  was  greater  in  MCF- 
7/IGF-IR  ceUs  than  in  MCF-7  cells  (Fig.  5A).  The  presence  of  a-catenin  in  IGF-IR 
immunoprecipitates  was  confirmed  with  ceU  lysates  in  which  a-catenin  was  first  removed 
with  a  specific  antibody.  As  expected,  immunoprecipitation  of  such  depleted  lysates  with 
either  anti-IGF-lR  or  anti-E-cad  antibodies  revealed  reduced  a-catenin/E-cad  and  a- 
catenin/IGF-lR  associations  (Fig.  5B).  Further  experiments  ivith  a-catenin 
immunoprecipitates  indicated  increased  abundance  of  a-catenin/actin  and  a-catenin/ZO-l 
complexes  in  MCF-7/IGF-IR  ceUs  (Fig.  5C).  A  hypothetical  model  of  possible  interactions 
between  adhesion  proteins  and  the  IGF-IR  is  shown  in  Fig.  6. 

Downregulation  of  ZO-1  results  in  decreased  cell-cell  adhesion  in  MCF-7/IGF-IR 
ceils.  Since  the  results  suggested  that  ZO-1  may  be  an  important  intermediate  in  IGF-IR- 
stimulated  cell-cell  adhesion,  we  set  out  to  confirm  this  notion  using  MCF-7/IGF-IR  cells 
in  which  ZO-1  levels  were  downregulated  by  the  expression  of  an  anti-ZO-1  RNA  (MCF- 
7/IGF-IR/anti-ZO-l  cells)  (Fig.  7).  The  clones  with  the  best  ZO-1  reduction  and  an  intact 
E-cad  and  IGF-IR  expression  were  analyzed  in  3-D  culture.  The  cell-cell  adhesion  of 
MCF-7/IGF-IR/anti-ZO-l  cells  was  greatly  inhibited  compared  with  that  in  the  parental 
MCF-7/IGF-IR  cells  (Fig.  7  and  Tab.  1).  The  expression  of  the  anti-ZO-1  plasmid  in  the 
parental  MCF-7  cells  was  toxic  and  no  viable  clones  were  obtained.  The  transfection  of 
the  sense-ZO-1  vector  had  no  effect  on  cell-ceU  adhesion  (data  not  shown). 
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DISCUSSION 

Cell-cell  adhesion  is  a  known  factor  modulating  the  motility  of  tumor  cells,  and 
consequently,  impacting  tumor  metastasis  (26).  The  regulation  of  this  process  by 
exogenous  growth  factors  is  still  not  well  understood.  In  E-cad-positive  breast  cancer 
cells,  the  overexpression  or  activation  of  the  IGF-IR  has  been  shown  to  stimulate  ceU-cell 
adhesion  and  reduce  cell  spreading  in  vitro  or  in  organ  culture  (7-10).  The  IGF-IR  has  also 
been  found  co-localized  and  co-precipitated  with  the  E-cad  adhesion  complex  (7,  8).  The 
mechanism  of  IGF-lR-stimulated  E-cad-dependent  cell-cell  adhesion  is  unknown  and  has 
been  investigated  in  this  work.  We  found  that  1)  IGF-IR  overexpression  increased 
aggregation  in  E-cad-positive  cells,  but  not  in  E-cad-negative  cells;  2)  high  expression  of 
both  IGF-IR  and  E-cad  markedly  improved  cell  aggregation  in  E-cad-negative  cells;  3) 
IGF-IR-dependent  cell-cell  adhesion  in  E-cad-posit i\  e  cells  did  not  affect  the  expression  of 
E-cad,  a-,  P-,  or  y-catenins,  but  coincided  with  upregulation  of  ZO-1;  4)  ZO-1  expression 
was  induced  by  IGF-I  and  required  IGF-IR  tyrosine  kinase  activity;  5)  high  levels  of  ZO-1 
coincided  with  an  increased  IGF-IR/a-catenin/ZO- 1  binding  and  improved  ZO-l/actin 
association,  while  downregulation  of  ZO-1  by  the  expression  of  an  anti-ZO-1  RNA 
inhibited  IGF-IR-dependent  cell-cell  adhesion.  We  hv  pothesize  that  the  mechanism,  or  one 
of  the  mechanisms,  by  which  the  activated  IGF-IR  stimulates  cell-cell  adhesion  is 
overexpression  of  ZO-1  and  resultant  stronger  connections  between  the  E-cad  complex 
and  the  actin  cyto  skeleton. 

Very  little  is  known  about  the  regulation  of  ZO-1  by  growth  fectors.  Several 
growth  factors  (EGF,  VEGF)  have  been  demonstrated  to  increase  tyrosine 
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phosphorylation  of  ZO-1  in  different  ceUular  model  systems  (18,  19). 

Hyperphosphorylation  of  ZO-1  usuaUy  coincides  with  its  departure  from  tight  junctions 
into  the  cytoplasm  and  with  increased  permeability  (18,  19).  In  addition,  v-src-increased 
ZO-I  tyrosine  phosphorylation  has  been  linked  with  decreased  cell-ceU  adhesion  (27). 
IGF-I,  on  the  other  hand,  has  been  shown  to  stabilize  ZO-1  in  tight  junctions  and  to 
preserve  epithelial  barrier  in  embryonic  kidney  cells  and  in  pig  thyrocytes  (28,  29). 
However,  the  effects  of  IGF-1  on  ZO-1  expression  and  function  in  breast  cancer  cells  have 
never  been  explored.  Our  findings  provide  the  first  evidence  that  the  activation  of  the 
IGF-IR  upregulates  ZO-1  mRNA  and  protein  levels,  without  affecting  ZO-1  tyrosine 
phosphorylation.  Consistent  with  the  results  obtained  in  other  models,  we  noted  mcreased 
adhesion  in  cells  overexpressing  ZO-1  and  reduced  aggregation  in  ceUs  with 
downregulated  ZO-1  levels. 

IGF-IR  tyrosine  phosphorylation  was  required  for  the  stimulation  of  ZO-1 
expression,  as  the  basal  levels  of  ZO-1  were  not  increased  in  MCF-7/IGF-IR/Y3F  cells 
expressing  a  dominant-negative  kinase-defective  mutant  of  the  IGF-IR.  However,  the 
putative  IGF-I  signaling  pathways  leading  to  ZO-1  expression  have  yet  to  be 
characterized.  Our  preliminary  data  with  MCF-7/IRS-1  cells,  in  which  the  major  IGF- 
IR/IRS-1/PI-3K  growth/survival  pathway  is  hyperactivated,  suggested  that  this  pathway  is 

not  involved  in  ZO-1  regulation  (Surmacz  et  al.,  data  not  shown). 

The  clinical  implications  of  IGF-induced  and  ZO-l-mediated  ceU-cell  adhesion  on 
tumor  development  and  progression  are  unknown.  UntU  now,  the  data  from  our  and  other 
laboratories  suggest  that  in  E-cad-positive  breast  cancer  cells,  IGF-IR  improves  cell-ceU 
adhesion  and  ceU  survival  in  3-D  culture,  but  at  the  same,  reduces  cell  spreading  (1).  Thus, 
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one  consequence  of  IGF-IR  overexpression  in  breast  cancer  could  be  increased  growth 
and  survival  of  the  prinmry  tumor,  but  reduced  cell  metastasis.  This  hypothesis  is 
consistent  with  the  observation  that  the  IGF-IR  is  a  good  prognostic  indicator  for  breast 
cancer,  as  tumors  with  good  prognosis  express  much  higher  levels  of  the  IGF-IR  than 
tumors  with  bad  prognosis  (1,  30,  31).  Notably,  independent  study  has  shown  that  in 
breast  tumors.  E-cad  and  ZO-1  are  co-expressed  and  are  markers  of  a  more  differentiated 
phenotype  (17).  A  formal  analysis  of  the  correlations  between  ZO-1  and  the  IGF-IR  is 
underway  in  our  laboratory  and  should  help  in  clarifying  the  role  of  the  IGF-IR  in  breast 
cancer  progression. 
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FIGURE  LEGENDS 

Fig.  1.  IGF-IR  overexpression  stimulates  ceU-ceU  adhesion  in  E-cad-positive  but  not 
in  E-cad-negative  breast  cancer  cells.  A)  E-cad-positive  MCF-7  and  MCF-7/IGF-IR 
cells  and  E-cad-negative  MDA-MB-23 1  and  MDA.MB-23 1 /IGF-IR  cells  were  cultured  in 
normal  growth  medium  as  3-D  spheroids  for  24  h,  as  described  in  Materials  and  Methods, 
and  then  photographed  under  phase  contrast,  a)  MCF-7  cells  expressing  ~  6x10^  IGF- 
IR/celFcell  (7);  b)  MCF-7/IGF-IR,  clone  12  expressing  -5x10^  IGF-IGF-IR/cell  (7);  c) 
MDA-MB-231  cells  with  -7x10^  IGF-IGF-IR/ceU  (24),  and  d)  MDA-MB-23 1 /IGF-IR, 
clone  31  with  ~  3x1 0'  IGF-IR/ceU  (Bartucci  et  al.,  in  revision).  The  bar  in  a)  equals  50 
pm.  B)  IGF-IR  levels  in  cells  pictured  in  Fig.  1  A,  a-d  were  assessed  by  WB  in  50  pg  of 
cell  lysate,  as  described  in  Materials  and  Methods.  C)  MDA-MB-231  and  MDA-MB- 
23 1/IGF-IR  ceUs  were  transiently  transfected  with  the  E-cad  expression  plasmid  (b  and  d) 
or  a  vector  alone  (a  and  c)  and  then  cultured  in  suspension  as  3-D  spheroids.  The  bar  m  a) 
equals  100  pm.  D)  E-cad  levels  in  cells  pictured  in  Fig.  1  C,  a-d  were  determined  by  WB 
in  50  pg  of  cell  lysate,  as  described  in  Materials  and  Methods. 

Fig.  2.  Expression  of  adhesion  proteins  in  MCF-7  and  MCF-7/IGF-IR  cells.  The 

expression  of  adhesion  proteins  and  the  IGF-IR  was  studied  in  50  pg  of  protein  lysates 
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obtained  from  cells  cultured  as  3-D  spheroids  in  .mrmal  growth  medium.  MCF-7/IGF-IR 
ceUs  arc  pooled  MCF-7/IGF-IR  clones  12.  15.  and  17  (Materials  and  Methods).  A)  The 
levels  of  the  IGF-IR.  E-cad.  a-,  p-,  y-catenin.  and  7.0-1  detected  by  WB  usmg  specific 
Abs  (Materials  and  Methods).  B)  The  expre.ssiim  of  7,0-1  in  MCF-7  cells  and  m  MCF- 
7/IGF-lR  clones  12,  17,  and  15,  expressing  -  5xl()\  lxlO^  and  3x10  IGF-IR/cell, 

respectively  (7). 

Fig.  3.  ZO-1  expression  is  inhibited  in  MCF-7/IGF-n^Y3F  cells.  MCF-7/IGF-IR  cells 
expressing  the  wild-type  IGF-IR  (WT)  and  MCT-7  l(iF-lR/Y3F  ceUs  stably  transfected 
with  a  dominant-negative  kinase-defective  IGF-IR  mutant  (Y3F)  were  synchronized  in 
SFM  for  36  h  and  then  stimulated  for  15  min  uith  20  ng/ml  IGF-I,  as  described  in 
Materials  and  Methods.  The  expression  and  t>  rosine  phosphorylation  (PY)  of  the  IGF-IR 
and  IRS-1  in  the  cells  were  detected  by  IP  and  W  B  in  500  pg  of  protein  lysates.  The 
binding  of  p85  subunit  of  PI-3  kinase  to  IRS-1  (IRS-I  p85)  was  studied  by  WB  in  IRS-1 
IPs.  The  expression  of  active  ERK1/ERK2  (p-ERKl  2).  total  ERKl/2,  ZO-1  and  E-cad 
was  evaluated  by  WB  in  50  pg  of  total  protein  1\ sates.  The  specific  Abs  used  are  listed  m 
Materials  and  Methods.  Similar  results  were  obtained  with  MCF-7  cells  transiently 
transfected  with  the  1GF-IR/Y3F  expression  vector. 

Fig.  4.  ZO-1  mRNA  and  protein  are  regulated  by  IGF-1.  A)  MCF-7  cells  and  MCF- 
7/IGF-IR  were  synchronized  in  SFM  (time  0)  and  then  stimulated  with  20  ng/ml  IGF-I  for 
different  times  (1-72  h).  The  expression  of  7.8  kb  ZO-1  mRNA  m  MCF-7  and  MCF- 
7/IGF-IR  cells  was  studied  by  Northern  blotting  in  20  pg  of  total  RNA  using  a  P-dCTP 
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labeled  ZO-1  probe  (described  in  Materials  and  Methods).  28  and  18  S  rRNA  are  shown 
as  a  control  of  RNA  loading.  B)  The  expression  of  ZO-1  protein  in  IGF-I-  treated  ceUs 

was  detected  by  WB  as  described  under  Fig.  3. 

Fig.  5.  Interactions  of  ZO-1  with  the  ICF-IR  in  the  E-ead  complex.  A)  The  IGF-IR, 
E-cad,  and  ZO-1  were  inmunoprecipitated  (IP)  from  500  pg  of  total  protein  lysates 
obtained  from  MCF-7  and  MCF-7/1GF-IR  cells  cultured  as  3-D  spheroids  in  normal 
growth  medium.  The  IPs  were  then  probed  by  WB  for  phosphotyrosine  (PY),  the  IGF-IR 
(-97  kDa)  ,  ZO-1  (-220  kDa),  E-cad  (-  120  kDa),  and  a-catenin  (-102  kDa).  B)  To 
confirm  a-catcnin  presence  in  IGF-IR  immunoprecipitates,  the  lysates  were  first  treated 
with  anti-a-catenin  Ab  (Zymed)  0/N  to  deplete  a-catenin,  and  then  immunoprecipitated 
with  either  anti-E-cad  or  anti-IGF-IR  Abs.  The  E-cad  and  IGF-IR  IPs  were  then  probed 
with  another  anti-a-catenin  Ab  (Sigma).  Note  significantly  reduced  a-catemn  associations 

with  IGF-IR  and  E-cad  compared  with  that  seen  in  A).  Q  500  pg  of  protein  lysates  were 

precipitated  with  anti-a-catenin  Ab  and  probed  by  WB  for  a-catenin,  actin,  and  ZO-1. 
The  blots  presented  in  A,  B,  and  C  were  identically  developed  with  film  exposure  tune  10 

sec. 

Fig.  6.  Possible  interactions  between  ZO-1  and  the  IGF-IR  within  the  E-cad 
complex.  The  weU  estabUshed  connections  between  E-cad,  catenins  and  actin  are  shown 
as  solid  lines.  The  proposed  connections  between  the  IGF-IR ,  a-catenin,  ZO-1,  and  actin 
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are  drown  as  broken  lines.  At  present,  it  is  noi  knoxMi  whether  the  IGF-IR  interacts  with 
a-catenin  directly,  or  other  intermediate  proteins  are  involved. 

Fig.  7.  Reduced  cell-cell  adhesion  in  MCF-7/l(iF-lR/anti-ZO-l  cells.  MCF-7/IGF- 
IR/anti-ZO-l  clones  were  obtained  by  stable  transfection  ot  MCF-7/IGF-IR  cells  with  an 
anti-ZO-1  RNA  expression  plasmid  (Materials  and  Methods).  The  levels  of  ZO-1,  IGF-IR, 
and  E-cad  in  the  parental  MCF-7/IGF-IR  cells  (A)  and  in  the  clones  (B  and  C)  were 
studied  by  WB  in  50  pg  of  protein  lysate.  The  aggregation  of  cells  was  studied  in  3-D 
culture,  as  described  in  Materials  and  Methods.  The  bar  in  B)  represents  50  pm. 
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TABLES 

TABLE  1.  Effects  of  IGF-IR  and  ZO-1  expression  on  cell  aggregation  in  E-cad-positive 


and  -negative  breast  cancer  cells. 


Cells 

Spheroids 

MCF-7 

25  <  50//W 

21. Oil. 9 

50  <  100/im 

96.0±6.7 

>  lOO/i/n 

2.7±0.9 

MCF-7/1GF-IR 

1.7±0.7 

22.3il.4 

86.5i3.9 

MCF-7/IGF-IR/anti-ZO- 1 

75.0i3.5 

4().7i2.1 

O.OiO.O 

MCF-7/Y3F 

45.0±2.9 

39.8  r4.6 

O.OiO.O 

MDA-MB-23 1 

7.0±0.6 

().5l:0.2 

O.OiO.O 

MDA-MB-231 /IGF-IR 

12.5±0.8 

0.5 -O.l 

O.OiO.O 

MDA-MB-231 /E-cad 

39.8±3.6 

15.2±1.1 

O.OiO.O 

MDA-MB-231 /vector 

lO.Oil.4 

().6d).4 

O.OiO.O 

MDA-MB-23 1/IGF-lR/E-cad 

27.0±2.2 

68.3x7.2 

8.0il.5 

MDA-MB-23 1  /IGF-lR/vector 

18.6±2.2 

0.9  rt). 3 

O.OiO.O 

The  stable  cell  lines  (MCF-7,  MCF-7/IGF-1R.  MCF'-7/lGF-IR/anti-ZO-l,  MCF-7/Y3F, 
MDA-MB-231,  and  MDA-MB-231/IGF-1R)  and  transiently  transfected  populations 
(MDA-MB-231 /E-cad,  MDA-MB-231 /vector.  MDA-MB-231/IGF-IR/E-cad,  and  MDA- 
MB-231 /IGF-IR/vector)  were  cultured  as  3-D  spheroids  in  normal  growth  medium.  The 
number  of  spheroids  of  different  sizes  was  established  as  described  in  Materials  and 
Methods.  The  values  represent  a  sum  of  spheroids  in  10  optical  fields  under  lOx 
magnification.  The  results  are  average  ±SE  from  at  least  3  experiments.  Representative 
3-D  cultures  are  shown  in  Fig.  1  and  7. 
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